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In vertebrates, the hindbrain is subdivided into seven segments termed rhombomeres and 
the interface between each rhombomere forms the rhombomere boundary. Similar to the D/V 
boundary formation in Drosophila, Notch activation has been shown to regulate the segregation 
of rhombomere boundary cells. Here we investigated the function of Notch activation in the 
formation of rhombomere boundaries. By using bodipy-ceramide cell labeling technique, we 
found that the hindbrain boundary was formed initially in mib mutants but it was lost after 24 hpf. 
In addition, cell proliferation was decreased. However, reduction in cell mitosis alone did not lead 
to the loss of boundary cells; instead, boundary cells were rescued in mib mutants after inhibition 
of neurogenesis by injecting hdac1-MO. Similarly, injection of su(h)-MO led to boundary defects 
in a dosage-dependent fashion. In addition, while loss of Notch activation beginning at 8 s stage 
could lead to hindbrain boundary defects, lack of Notch activation at 15 s stage could only induce 
neurogenic phenotype.  
In this study, we also showed that notch1a, notch1b and notch3 were all expressed in the 
hindbrain and their expression are all affected in mibta52b mutants. Knockdown of Notch3 function 
in notch1a mutants led to the loss of rhombomere boundary cells and neuronal hyperplasia, while 
the loss of notch1b function led to a transformation of non-boundary cells into boundary cells and 
neuronal hypoplasia. Therefore, the results indicate that Notch1b may function to promote 
neuronal differentiation while Notch1a and Notch3 are required for the maintenance of hindbrain 
boundary cells. In addition, two dachsous1 homologues have been identified and were expressed 
in distinct part of the hindbrain. Moreover, they were affected differentially by the change of 
Notch activation. In retina, activation of Notch1aintra (Notch1a intracellular domain) could lead to 
more glia formation at the expense of neurons. Similarly, when activation of Notch1aintra was 
induced by heat-shock at 28 hpf, glial number was increased greatly at 48hpf. Thus Notch1a 
activation was highly correlated with the gliogenesis at the pharyngula stage. 
 xv
Wnt1 has been proposed to function together with Notch in the regulation of 
neurogenesis. Our protein interaction studies reveal that Mib can interact with Wnt1, Wnt4 and 
Wnt8b proteins, resulting in their ubiquitylation. Thus we propose that Mib could control the 
diffusion of Wnt proteins by affecting the stability of these proteins. Furthermore, we found that 
knockdown of frizzled7b could lead to a similar phenotype like wnt1-MO and tcf3b-MO injected 
embryos, suggesting Frizzled7b might be a receptor involved in the hindbrain boundary 
formation.  
In addition to Notch signaling, we showed that Ciliary neurotrophic factor (Cntf) 
signaling was also involved in boundary cell determination. Loss of Ciliary neurotrophic factor 
receptor α component (Cntfrα) resulted in more boundary cell formation and cell death. 
Moreover, gliogenesis was affected and neuron migration was impaired. Furthermore, the 
injection of p53-MO could rescue both cell death and boundary cell formation. Taken together, 
we propose that Notch signaling works together with Cntf signaling in regulating neurogenesis 


















1.1 General introduction 
During vertebrate neural development, the hindbrain is transiently subdivided into a 
series of reiterated segments along the anteroposterior axis and each segment is termed 
rhombomere (reviewed by Guthrie, 1996). Each individual rhombomere is a polyclonal cell 
lineage restriction unit which corresponds to the segmental organization of reticular neurons, 
branchiomotor nerves and sensory ganglia, hence determining the architecture, innervations and 
functions of the vertebrate head (reviewed by Guthrie, 1996, Lumsden, 1990). The segmental 
organization of cranial motor neurons in the zebrafish, chick and mouse is illustrated in figure 
1.1.   
 Rhombomeres have a two-segment periodicity and its organization is associated with the 
formation and migration of the neural crest (Schilling and Kimmel, 1994). In the chick, neural 
crest cells leave the presumptive hindbrain at particular rhombomeric levels to contribute to the 
cranial ganglia and pharyngeal arches, and motor neurons, which differentiate in particular 
rhombomere pairs and innervate the pharyngeal arches (Lumsden and Keynes, 1989; Lumsden 
and Guthrie, 1991). In particular, neural crest from both r1 and r2 contributes to the trigeminal 
ganglion and the first branchial arch, while neural crest from r4 forms the facial and vestibule-
acoustic ganglia and the second arch. And the superior ganglion of the IXth nerve and the third 
branchial arch are formed from neural crest from r6. Similar observations have been made in 
zebrafish, where cranial motor nerves exit from even-numbered rhombomeres (Bally-Cuif et al., 
1998) and the cranial neural crest also migrates from even-numbered rhombomeres (Schilling and 
Kimmel, 1994). More detailed investigation reveals that the reticulospinal neurons are positioned 
laterally in even-numbered rhombomeres and medially in odd-numbered rhombomeres in 
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zebrafish, which further supports a pair-wise organization within the hindbrain (Metcalfe et al., 
1986).  
Despite the reiterated pattern, each rhombomere is unique and displays clear segment-
specific characteristics. For example, homeobox (hox) genes are expressed in rhombomere-
restricted domains and play a conserved role in specifying segment identities in flies and 
vertebrates. Cell lineage analysis has shown that cells are normally confined within the territory 
of a single rhombomere once they are defined by transverse inter-rhombomere interfaces 
(Birgbauer and Fraser, 1994). The restriction on the anterior and posterior movement of 
precursors has been shown to persist until late stages of neurogenesis. Although some young 
neurons that are migrating out of the ventricular zone into the expanding mantle may cross the 
interrhombomere borders, precursor cells do not cross these borders. This indicates that the 
positional restriction is likely to become dispensable for postmitotic cells, as their fates have been 
specified (Wingate and Lumsden, 1996).  
Unlike somitogenesis, rhombomeres are formed by internal subdivision rather than by 
generating and segregating from the rostral part of growth zone. In the chick, it has been shown 
that the boundaries between rhombomeres acts as simple mechanical barriers to prevent cell 
dispersal, at least during early stages of development (Lumsden and Krumlauf, 1996). Instead, 
boundaries form wherever odd and even cells are experimentally juxtaposed (Guthrie and 
Lumsden, 1991). Therefore, rhombomere boundaries are a consequence rather than a cause of 
segmentation. They are formed only after a crude neural pattern is well established, and will later 
serve as local signaling centers that induce prepattern-dependent cell fates in the adjacent 
territories. A model for boundary formation is described in figure 1.2 (Kiecker and Lumsden, 
2005). 
 In contrast to non-boundary cells, boundary cells possess a number of specialized 
properties. Firstly, cell proliferation is reduced in the boundary region and the cell density is low. 
The majority of cell bodies lie towards the ventricular surface, leaving many spaces basally that 
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may be filled with matrix components. Below the boundary ridges are embrasures, which are full 
of axons as neurogenesis proceeds (Guthrie and Lumsden, 1991). Secondly, after de-adhesion the 
newly formed boundaries can be distinguished by their enlarged intercellular spaces (Heyman et 
al., 1993). Later, specific molecular markers are expressed in the boundary region and group of 
specialized extracellular matrix protein can be detected as well (Lumsden and Keynes, 1989; 
Tongiorgi et al., 1995).  Lastly, boundary cells also contain high concentrations of filamentous 
actin and the cell shape is different from the non-boundary cells (Guthrie et al., 1991). 
  
1.2 Hindbrain segmentation 
In all vertebrates that have been studied, the hindbrain passes through a segmented stage 
shortly after neural tube formation, with a series of seven rhombomeres forming along the 
anterior and posterior extent of the neural tube. Proliferation, neurogenesis and axonal projections 
are arranged in a reiterative fashion in successive rhombomeres. Moreover, rhombomeres are 
compartments that are separated by cell lineage-restricted boundaries and each rhombomere has 
its unique identity, specified by the expression of conserved transcription factors. These factors 
include Krox-20, Variant hepatocyte nuclear factor 1 (Vhnf1), Val (Kreisler, Mafb) and several 
Hox proteins (reviewed by Moens and Prince, 2002).  However, it should be aware of the lack of 
morphological segmentation at the floor plate and this suggests that the segmentation is 
incomplete. Instead, segmental organization has been found to be present in its dorsal counterpart, 
the roof plate, as revealed by a genetic labeling strategy in mice (Awatramani et al., 2003). 
 
1.2.1 Hox genes in hindbrain patterning 
hox genes encode a conserved family of transcriptional factors and is implicated in 
determining anteroposterior  identity to the embryonic body plan (McGinnis and Krumlauf, 
1992). In the hindbrain, hox genes are expressed in an ordered and nested manner and their 
borders of expression coincide with rhombomere boundaries, which resemble to the nested 
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expression in the Drosophila melanogaster embryo during the regulation of segmental identity 
(Wilkinson et al., 1989; Prince et al., 1998). In addition, a cooperative action of different Hox 
genes confers the distinct identity of the neural crest in hindbrain and thereby determines its 
migrating route. However, it should be noted that hox genes are dynamically expressed in the 
hindbrain in their dorsal-ventral extent and anterior-posterior axis. Transplantation experiments in 
zebrafish have revealed that the developmental potentials of hindbrain and neural crest cells 
become restricted with the progress of time, which corresponds with the establishment of 
rhombomere boundaries at 18 hpf (Schilling et al., 2001). During the formation of rhombomere 
boundaries, the borders of hox gene expression become sharpened immediately before the 
morphological boundaries become visible (Prince et al., 1998). The expression pattern of hox 
genes in mice and zebrafish is illustrated in figure 1.3. These observations also further indicate 
that the hindbrain is a truly segmented region. Misregulation and disruption of hox gene function 
leads to the loss of specific segments and boundaries. Retroviral overexpression of Hoxb1 in 
chick results in the homeotic transformations of rhombomeres and the neural crest-derived 
skeletal structures (Bell et al., 1999). Loss of function of zebrafish hoxb1b greatly reduces the 
area of r4, r5 and r6 and also the migration behavior of the r4-derived branchiomotor neurons is 
abnormal (McClintock et al., 2002). Furthermore, Hox gene can regulate the cell surface adhesion 
properties, as in Hoxa2 mutants, the expression of two Eph family receptors are altered (Taneja et 
al., 1996). Recently EphA4 promoter region is characterized and shown to contain multiple 
binding sites for paralog group 13 Hox proteins (Salsi and Zappavigna, 2006). Hoxa13 and 
Hoxd13 are proved to bind to one of these binding sites and turn on the transcription from the 
EphA7 promoter. 
It is known that auto-, cross- and para-regulatory interactions among Hox genes function 
together in establishing and maintaining their segmental expression patterns (Manzanares et al., 
1997; Manzanares et al., 2001; Gavalas et al., 2003). For example, studies have demonstrated that 
retinoic acid (RA) secreted from paraxial mesoderm is required for the formation and 
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maintenance of rhombomeric expression of Hoxb1 gene during normal hindbrain development 
(Marshall et al., 1996). Moreover, Hoxa1 can also bind to the Hoxb1 r4 cross-regulatory element 
and transactivate the expression of Hoxb1. At the same time Hoxb1 can also bind to its auto-
regulatory elements to maintain its own expression (Pöpperl et al., 1995). Furthermore, Hoxb1 
can bind to an r4-specific enhancer at the 5’ of the Hoxb2 locus and promote the expression of 
Hoxb2 (Ferretti et al., 2000). 
 
1.2.2 Meis and Pbx in hindbrain patterning 
As Hox protein monomers display poor specificity and weak affinity for enhancer 
sequences, functional partners are required for Hox proteins to carry out their functions as 
transcriptional regulators. Pbx has been identified as one of the cofactor and belongs to the three 
amino acid loop extension (TALE) homeodomain superfamily. This formation of heterodimers 
with Hox proteins is essential for the restricted segmental expression of hox gene (reviewed by 
Mann and Affolter, 1998). In zebrafish, four pbx genes have been identified. While pbx2 and 
pbx4 are expressed before 24 hpf, pbx1 and pbx3 are mainly expressed after 24 hpf. Loss of pbx4 
and pbx2 results in a complete anterior transformation of r2 and r6 to r1 identity. However, the 
posterior-most part of the hindbrain was less affected, indicating that the aspect of the posterior 
hindbrain is not strictly dependent on Hox function. As the caudal most hindbrain is located 
outside of the segmented series, its identity might be largely controlled by signaling from the 
spinal cord. However, the observation that overexpression of either pbx genes can rescue the 
lzr/pbx4 mutant phenotype suggests that they are functioning redundantly in the hindbrain 
segmentation (Waskiewicz et al, 2002).  
Meis has been identified as a novel Pbx-related TALE-homeobox containing protein and 
also functions as a Hox cofactor. In zebrafish, meis is expressed in the central nervous system and 
high levels of transcript is detected specifically in the hindbrain region (Biemar et al., 2001; 
Zerucha and Prince, 2001). in vitro assay indicates that Meis similarly to Pbx, also cooperate with 
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Hox proteins by forming multimeric complexes. In particular, Pbx binds to Hox proteins from 
paralog group 1-10, while Meis binds to Hox proteins from paralog group 9-13 (Shen et al., 
1997a, 1997b). In embryos overexpressed with Meis, the Pbx4/Lzr protein level is augmented. By 
contrast, injection of the dominant negative form of meis mRNA in embryos at 1 to 4 cell stage 
reproduces the phenotype of lzr/pbx4 mutants (Waskiewicz et al., 2001). These results lead to the 
conclusion that the formation of trimeric Hox/Pbx/Meis complexes is important for the proper 
hindbrain patterning.  
In embryos without nuclear Meis the hindbrain development is compromised: the caudal 
hindbrain is imparted on an r4-like fate and displays ectopic hoxb1a expression (Choe et al., 
2004). As several meis genes are shown to be expressed in the hindbrain and the dominant-
negative pbx construct acts actively against each of them, the specific meis genes involved in the 
patterning of the caudal hindbrain remain to be further explored. Further investigation has 
suggested that paralog group 1 hox genes promote the r4 cell fates at the caudal hindbrain though 
interaction with Meis. However, at the same time it also induces the expression of vhnf1 in r5 and 
r6, which in turn repress the adopting of the r4 fate in future r5 and r6 segments. Loss of Pbx 
function results in r1 state, and the disruption of Meis function only transforms the caudal 
hindbrain to r4 fate, indicating that Pbx and Meis are differentially required for the function of 
Hox genes. While Pbx DNA binding sites lies immediately adjacent to the Hox site and are 
absolutely necessary for the expression of Hox proteins in the hindbrain, Meis binding sites locate 
at variable distances from the Pbx/Hox sites and are only required for some Hox gene expression 
(Ferretti et al, 2000; Jacobs et al., 1999). 
 
1.2.3 Val and Krox-20 in hindbrain patterning  
In contrast to Pbx and Meis, Krox20 and Keisler/Val (MafB) are direct regulators of Hox 
gene expression in r5 and r6. In mouse and zebrafish, krox20 is expressed in the hindbrain in two 
non-adjacent stripes which later correspond with r3 and r5, and encodes a zinc-finger 
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transcription factor (Wilkinson et al., 1989). In Krox-20-null embryos, r3 cells acquire r2 or r4 
identity, and r5 cells acquire r6 identity (Voiculescu et al., 2001). In addition, Krox20 is 
responsible for the induction of the expression of paralog 1 to 3 Hox genes and the EphA4 
receptor gene directly, which in turn is required for the segregation of cells between odd- and 
even-numbered rhombomeres (Manzanares et al., 2002; Theil et al., 1998).  
Val is a bzip transcription factor and is the homologue of mouse Kreisler. It is expressed 
in the developing hindbrain corresponding to r5 and r6 (Moens et al., 1998). It is known that r5 
and r6 are derived from the subdivision of a protosegment. In val mutant embryos, the 
protosegment of r5 and r6 fails to be partitioned into r5 and r6, and hence has a complete different 
characteristic from r5 or r6. As boundary formation requires the juxtaposition of alternating 
mature odd- and even-numbered rhombomere, hence, the boundary between r4 or r7 and the 
protosegment  do not initiate at all (Moens et al., 1996; Prince et al., 1998). Mosaic analysis has 
revealed that Val is also required for the induction of complementary expression of ephB4a and 
epherin-B2a, which are important for the cell sorting and boundary formation in the caudal 
hindbrain (Cooke and Moens, 2002). In mice, Kreisler confers on the cells in r5 and r6 
competence to induce the expression of Hoxb3 (Manzanares et al., 1997), and a similar induction 
is observed in zebrafish (Prince et al., 1998). Therefore, it is proposed that Val regulates the r5 
identity by activating hox3 gene to repress hox1a gene expression in r5 region and this fate-
determination function is independent of Eph signaling. Moreover, observations have been made 
showing that val is expressed slightly later than vhnf1 and the hoxb1a expands to some extent in 
val mutants, indicate that Val is required to the sustained repression of hoxb1a expression in r5 
and r6 at later stages (Hernandez et al., 2004).  
Vhnf1 and fibroblast growth factor (Fgf) signaling are both involved in the regulation of 
the val expression. While Fgf signaling is required for Vhnf1 to drive val expression, studies 
reveals that overexpression of vhnf1 and fgf3 results in more broad expression of val than wild 
type embryos (Hernandez et al, 2004). Although normal expression of val in r5 and r6 is 
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dependent on the positive autoregulatory loop, more detailed analysis further suggests that this 
autoregulation is also important for vhnf1 and fgf3 to upregulate the expression of val. Another 
family of genes involved in the regulation of krox-20 and val expression in the developing 
hindbrain is pou genes and loss of pou2 in zebrafish results in the reduction of r1, r3, r5 and r6 
territories (Hauptmann et al., 2002). In contrast, overexpression of Pou2 results in the normal 
segmental krox20 and val expression domains in pou2 mutants but no ectopic expression in other 
regions are detected, indicating that Pou2 behaves as a permissive and essential factor in the 
normal expression of krox20 and val (Hauptmann et al., 2002). 
 
1.2.4 Vhnf1 and Iro7 in hindbrain patterning 
 Vhnf1 is also known as tcf2 and is expressed posterior to the r4/r5 boundary (Hernandez 
et al., 2004). Although the initial repression of r4 identity in the r5 and r6 regions is independent 
of Vhnf1, vhnf1 is required for the reinforcement of inhibition at later stage. Further studies have 
suggested that val functions downstream of vhnf1, and different from val, vhnf1 is not involved in 
the repression of r4-like cell-surface properties (Hernandez et al., 2004). The initial induction of 
vhnf1 expression requires RA and later Fgf signaling cooperate with Vhnf1 in the activation of 
val expression to regulate the subsequent development of r5 and r6. More detailed analysis 
reveals that paralog group1 hox genes are implicated in the induction of vhnf1 through a Meis-
dependent manner (Choe and Sagerström, 2004). 
iro genes encode homeodomain transcriptional factors of the TALE superfamily.  iro7 
and iro1 have been identified in zebrafish and are divergent members of the Iro family (Itoh et 
al.,2002; Lecaudey et al., 2004). Both genes are expressed in the hindbrain, and the caudal limit 
of iro1 is anterior iro7. Unlike vhnf1, iro7 is expressed in the future hindbrain territories up to the 
posterior r4/r5 boundary by the end of gastrulation stage. While loss of iro7 results in the 
expansion of vhnf1, overexpression of iro7 is sufficient to repress vhnf1 expression (Lecaudey et 
al., 2004). Moreover, vhnf1 can repress iro7 expression as well. Taken together, these results 
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indicate that vhnf1 and iro7 cooperate together in setting up the prospective r4/r5 boundary by 
mutual repression. 
 
1.2.5 Cdx factors in hindbrain segmentation 
 During the early gastrulation stage, the precursor cells of hindbrain and spinal cord are 
widely distributed along the margin of the epiblast, and at that time their fates have not been 
determined (Woo and Fraser, 1998). Shortly after that, expression of the caudal related homeobox 
genes cdx4 and cdx1a is detected in the lateral posterior region of tailbud, which contains the 
spinal cord precursor cells (Kanki and Ho, 1997). Loss of cdx1a and cdx4 results in the failure of 
the development of spinal cord together with the posterior expansion of hindbrain territory 
(Shimizu et al., 2006; Skromne et al., 2007). Despite the expansion of r7/r8 region, the native 
anterior hindbrain appeared to be intact. More interestingly, the expanded hindbrain is organized 
into segmental units and is arranged in a mirror-image duplicated pattern of ectopic rhombomeres 
within the trunk region of the embryo. In addition, the spinal cord-specific markers and neurons 
are lost in the cdx1a/cdx4-deficient embryos, whereas the ectopic hindbrain-specific markers are 
induced. Therefore, these investigations lead to the idea that Cdx factors might function to repress 
the hindbrain-specific characteristics and hence specify the formation of spinal cord in zebrafish. 
Moreover, similar to the caudal gene in Drosophila, Cdx might also have homeotic functions 
independent of those Hox factors (Moreno and Morata, 1999).  
 As Fgf signaling and RA signaling are both engaged in the patterning of the hindbrain 
and spinal cord (Maves et al., 2002, Emoto et al., 2005), Cdx1 is proposed to control the 
responsiveness to the Fgf and RA signaling rather than the inhibition of Fgf and RA signaling 
(Shimizu et al, 2006). In addition, cdx1a and cdx4 are regulated by Wnt and Fgf signals and 
together they confer the different competences on the neural tissues for responding to the local 
Fgf and RA signals (Shimizu et al., 2006). Furthermore, misexpression of cdx1a result in the 
activation of ectopic expression of hoxb9a in the hindbrain in an Fgf-dependent manner, 
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suggesting that anterior hox genes also cooperate with Fgf and RA signaling in the formation of 
the posterior hindbrain (Shimizu et al., 2006). 
 
1.2.6 Fgf signaling in hindbrain segmentation 
Fgf is an extracellular signaling factor that controls patterning, morphogenesis and 
proliferation in both invertebrates and vertebrates. Fgf ligands bind to the transmembrane tyrosine 
kinase receptor (FgfR), activating the Ras/MAPK signaling pathway. Tracing cy3-labelled Fgf8 
protein revealed that Fgf8 protein accumulated in Rab5-positive early endosomes and in 
lysosomes some distance away from the source, and blocking endocytosis resulted in an 
extracellular accumulation of Fgf8 and a broad domain of Fgf-target gene expression, indicating 
that Fgf is spread through endocytosis but not by diffusion (Rhinn et al., 2006).  
During zebrafish hindbrain development, fgf3 and fgf8 are the two earliest genes that are 
expressed in the hindbrain primodium in r4 region. While the loss of Fgf8 does not disrupt the 
patterning of posterior hindbrain, injecting fgf3-MO into fgf8 mutants result in the loss of r5 and 
r6 markers. However, the expression of hoxb1a in r4 region remains unchanged (Maves et al, 
2002). Using early r5 markers, krox-20 and val, it is revealed that the initiation of r5/r6 domain is 
failed in fgf3-MO;fgf8 mutants. However, transplantation of r4 cells not only induce expression of 
r5/r6 markers but also result in ectopic induction of fgf3 and fgf8 expression. Therefore, fgf3 and 
fgf8 together are required for the development of r5 and r6. In addition to that, the defects in the 
r5/r6 region were more severe than that of val mutants, indicating that other factors might also be 
contributing to r5/r6 identity together with val. Although the loss of fgf3 and fgf8 resulted in the 
complete disappearance of r5 and r6, the r7 remains almost unaffected, indicating that the fgf3 
and fgf8 are not required for r7 formation.  
In the anterior-most part of the hindbrain, there is r0 adjacent to the midbrain-
rhombomere boundary. While r1 is the narrow ephA4a and fgfr3-expressing domain and lies 
immediately anterior to r2, r0 is the larger engrailed-expressing domain between r1 and the mid-
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hindbrain junction (MHB) (Waskiewicz et al., 2002). Moreover, r1 corresponds with the anterior-
most limit of the lower rhombic lip, while r0 corresponds with the upper rhombic lip. Also it has 
been suggested that r1 is the anterior-most region of the neural tube which does not express any 
hox genes. Misexpression of hox genes in the r1 leads to the production of motor neurons which 
cell type is normally not produced in this region (Jungbluth et al., 1999). In ace/fgf8 mutants, 
there is no formation of r0 cell types including neurons. Instead, the r1 specific gene expression 
domain is greatly expanded at the expense of r0 region. Therefore, these observations imply that 
the formation of r0 is dependent on the Fgf8 (Guo et al., 1999; Sleptsova-Friedrich et al., 2001). 
Loss of fgf3 in fgf8 mutant resulted in the reduction of r1-r3 region, indicating that fgf3 is also 
required for the r1 formation. Recently, otx genes, cognates of the Drosophila gap gene 
orthodenticle, have been identified in zebrafish and loss of otx function in zebrafish results in the 
transformation of the presumptive mesencephalon into an expanded r1 (Mercier et al., 1995; 
Foucher et al., 2006). In contrast to the earlier reports, it implies that Fgf8 is required for the 
maintenance but not initiation of the presumptive r1. Moreover, it is proposed that Otx proteins 
are potent repressors of cerebellar fates and is required for the excluding r1 progenitor cells by 
Fgf8 from r0 region (Foucher et al., 2006). 
Different from the knock-down experiment results, overexpression of dominant negative 
Fgf receptor dramatically disrupts the gene expression along the entire rostrocaudal axis of the 
hindbrain primodium (Roy and SagerstrÖm, 2004). Using FgfR antagonist, similar results are 
attained. Therefore, in addition to fgf3, fgf8 and fgf24, another Fgf signaling may be required for 
the early gastrula to initiate hindbrain gene expression. However, this function should be able to 
be separable from its later roles in patterning hindbrain. In Drosophila spry has been proven to 
work as an antagonist of Fgf signaling during tracheal morphogenesis (Hacohen et al., 1998). The 
gene spry4 is identified and found to display similar expression pattern in the hindbrain as fgf3 
and fgf8. Moreover, overexpression of spry4 in wild type embryos results in acerebellar/fgf8 
phenotype, indicating that it might also function as an antagonist against Fgf signaling in 
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zebrafish (Fürthauer et al., 2001).   
 
1.2.7 RA signaling in hindbrain patterning 
RA is a known tetratogen and is involved in the specification of anterior-posterior axis in 
the central nervous system, including rhombomeric pattern formation in the hindbrain (reviewed 
by Gavalas and Krumlauf, 2000; Maden M., 2002). RA is synthesized in the anterior mesoderm 
by the enzyme retinaldehyde dehydrogenase 2 (Raldh2) and is either diffused or transported from 
the paraxial mesoderm into the adjacent central nervous system. Previous work has shown that 
RA signaling plays a critical part in regulating the expression of hox genes, and that posterior 
rhombomeres require higher levels of RA than anterior rhombomeres (Niederreitherk et al., 
2000). Hox genes exhibit the segmental expression in the hindbrain and contains a retinoic acid 
response element (RARE) located in the promoter region, suggesting that RA regulates Hox-gene 
expression directly (Gould et al., 1998; Nolte et al., 2003). In zebrafish neckless mutant, the 
ultimate enzyme in the retinoic acid biosynthetic pathway, Raldh2 does not form properly and the 
hindbrain posterior to r6 is truncated. In addition, the appearance of hox gene expression in this 
region is delayed and the pattern is abnormal. Moreover, the val expression is expanded. All these 
results support a posteriorizing role for RA (Begemann et al., 2001; Grandel et al., 2002). 
However, neither the concentration of RA nor the localization of its synthesis is critical for the 
proper pattern of hindbrain (Maves and Kimmel, 2005). Moreover, the duration of RA exposure 
is also not critical for the generation of nested domains of RA-responsive gene expression. 
Despite that, it is observed that RA-dependent gene expression occurs in a spatial-temporal 
sequence, with anterior RA-responsive genes being expressed earlier than posterior ones. 
Embryos depleted of endogenous RA can be fully rescued by uniform concentration of 
exogenous RA raise the possibility that hindbrain might be patterned in a manner independent 
both of the concentration and duration of exposure to RA (Begemann et al., 2004; Nolte et al., 
2003).  
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Recently, three cyp26 genes have been identified in zebrafish (Dobbs-McAuliffe et al., 
2004; Gu et al, 2005; Kudoh et al., 2002; Zhao et al., 2005). Cyp26 encodes an RA-degrading 
P450 enzyme and is required for the degradation of RA (Sakai et al., 2001). Among them, 
cyp26c1 and cyp26b1 are expressed in hindbrain in a dynamic, rhombomere-restricted pattern. 
Further studies indicate that embryos depleted of all three Cyp26 proteins have severe 
posteriorized hindbrains, and Cyp26 enzymes are essential for the rescue of hindbrain patterning 
in RA-depleted embryos by exogenous RA.  Therefore, it is believed that the RA responsiveness 
along the anterior-posterior axis of hindbrain is regulated primarily by the dynamic expression of 
RA-degrading enzymes (Hernandez et al., 2007).  
In addition to the Hox gene expression, RA signaling is also required for the expression 
of vHnf1 in the posterior hindbrain (Hernandez et al., 2004), which in turn acts as a repressor to 
regulate the expression of hoxb1 in r5 (Wiellette and Sive, 2003). Together with iro7, the r4/r5 
boundary is established (Lecaudey et al., 2004). Actually, cyp26 expression is also regulated by 
other signaling pathways. Recent reports have showed that the normal posterior limit of cyp26a1 
in the hindbrain is established by signals (Fgfs and Wnts) from the margin. In embryos treated 
with anatagonists of Fgf and Wnt pathway, the expression of cyp26a1 is shifted posteriorly 
(Kudoh et al, 2002). Different from that, cyp26b1 and cyp26c1 expression is independent of RA 
as both genes are expressed in DEAB treated embryos, where DEAB is a specific inhibitor of 
retinaldehyde dehydrogenase. Similar early expression pattern between cyp26b1, cyp26c1 and 
iro7 in r3 and r4 indicates that they might all function downstream of iro7 (Lecaudey et al., 
2004). Further studies have demonstrated that Vhnf1 can integrate global RA patterning and local 
FGF signals to direct the posterior hindbrain development in zebrafish (Hernandez et al., 2004). 
 
1.3 Ephs and ephrins mediate cell sorting in the hindbrain 
Erythropoietin-producing human heptocellular carcinoma (Ephs) and Eph family receptor 
interacting proteins (epherin) are originally identified as receptors and ligands involved in 
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controlling the pathfinding of neuronal growth cones. Epherins can be divided into two classes 
according to their distinct structural properities (Flanagan and Vanderhaeghen, 1998; Holder and 
Klein, 1999). Class A ephrins are glycosyl phosphatidylinositol (GPI)-anchored peripheral 
membrane protein and preferentially bind EphA receptors. By contrast, class B ephrins are 
transmembrane proteins and selectively interact with EphB receptors. However, EphA4 can bind 
both epherinA and epherinB family members while EphB2 can interact with epherinA5 as well 
(Himanen et al., 2004; Friedman and O’Leary, 1996). Ephs belong to the tyrosine kinase family 
and in order to activate Eph signaling epherins need to be dimerized by binding or clustering 
together at the membrane (Davis et al., 1994). Although monomeric forms of epherin-B ligands 
can also bind to the Eph receptors, they fail to cluster and activate the signaling pathway. 
Therefore, they can compete with the endogenous epherin-B for the binding and thereby block 
the bi-directional signaling (Durbin et al., 1998). Two different signaling events have been 
designated: forward and reverse. While signaling downstream of the receptor is regarded as 
forward signaling event, the Ephs mediated activation of epherin ligands is called reverse 
signaling event (Bruckner et al., 1997).  
It is suggested that rhombomere boundaries are formed by the local sorting-out of cells 
with different segmental identities and this distinct adhesive identity of rhombomeres are 
conferred by the complementary expression of Ephs and epherins (Xu et al., 1999). For example, 
in Xenopus, ephA4 is expressed in r3 and r5, while epherinB2 is expressed in r2, 4 and 6 (Smith et 
al., 1997). As cells expressing Eph display different adhesive property from cells expressing 
epherins, therefore, the gap junction formation is blocked through bi-directional Eph-epherin 
signaling and the intermingling between adjacent cells is inhibited.  It has been shown that the 
loss of the intracellular domains of Eph receptors or epherin-B ligands but retaining their 
extracellular and transmembrane domains can still activate full length epherin-B ligands and 
EphB receptors respectively. However, they fail to transduce signals back to their own cell, 
resulting in uni-directional signaling. This uni-directional activation is sufficient to restrict cell 
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communication through gap junctions. In addition, overexpression of dominant negative form of 
EphA4 in zebrafish leads to abnormal boundary formation (Xu et al., 1995) and transplantation of 
wild type donor cells into the presumptive hindbrain of a val- host causes reconstruction of an 
EphB4a-ephrinB2a interface (Cooke and Moens, 2002). The reconstructed interface can be 
distinguished by the intense density of actin elements. As rearrangement of actin- and/or 
microtubule-based cytoskeletal elements is required for the initiation of structural boundary 
formation and emergence of a mature boundary zone, therefore, Eph signaling plays an important 
role in triggering the rearrangements of actin- and/or microtubule-based cytoskeletal elements. 
Moreover, it is possible through the interactions with guanine nucleotide exchange factors to 
influence the activation of Rho family GTPases (Shamah et al., 2001). Further biochemical 
studies have indicated that after activation of epherin-B reverse signaling, SH2/SH3 domain 
adaptor protein Grb4 binds to the cytoplasmic domain of epherin-Bs in a phosphotyrosine-
dependent manner, resulting in the increase in FAK catalytic activity, redistribution of paxillin, 
loss of focal adhesions and the disassemble of F-actin-containing stress fibers (Cowan et al., 
2004). 
Although bi-directional Eph-ephrin interactions are required for the finer-scale cell 
sorting in the formation of rhombomere boundaries, recently it is found that EphA4-dependent 
adhesion also contributes to the rhombomere-boundary formation (Cooke et al., 2005).  Mosaic 
analysis has revealed that although ephA4-MO cells contribute normally to even-numbered 
rhombomeres, they are sorted out robustly to the edges of r3 and r5 of wild type host cells. 
However, these ephA4-MO cells accumulating at the edges of r3 and r5 display normal 
expression of r3 and r5 markers and do not move to the adjacent rhombomeres, indicating that 
EphA4 alone does not prevent cells from crossing the boundaries. Thus, it is proposed that 
EphA4-dependent adhesion functions redundantly with the EphA4-dependent repulsions in the 
rhombomere boundary formation.  
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1.4 Zebrafish as a research model 
Zebrafish, Danio rerio, was first used by Dr. George Streisinger at the University of 
Oregon in the early 1970’s and ever since he began to use them in his research, zebrafish has 
become a very popular research model for studying vertebrate development and genetics. 
There are some features that determine why zebrafish becomes such a favorite model for 
developmental and disease research. Firstly, being a vertebrate, zebrafish is more closely related 
to humans than other commonly used invertebrate models, such as Drosophilia melanogaster and 
Caenorhabditis elegans. Since zebrafish is more closely related to humans, it shares more similar 
biological characteristics such as genes, developmental processes, anatomy, physiology and 
behaviors to humans than other invertebrate models. Moreover, an evolutionarily conserved 
developmental program is conserved in zebrafish and human. Secondly, due to their small size 
and short generation time zebrafish are easy and inexpensive to be maintained. They can be kept 
together in large numbers in a small space. Their eggs are laid in large amounts by the females 
and fertilized externally. In addition, compared to other vertebrate embryos, zebrafish embryos 
are smaller and contain fewer numbers of cells, making it easier to trace the development of 
individual cells. The embryos also develop quickly and remain transparent throughout their 
development, thus allowing observation of the live embryos. Thirdly, fertilization of eggs can be 
manipulated in the study of recessive mutations such that the embryo contains only genes from its 
mother. The embryos can also be manipulated physically by transplanting single cells or groups 
of cells into host embryos for the analysis of cell behavior. Some mutations in zebrafish have 
been identified to cause certain conditions and diseases identical to those in humans. Lastly, a 
detailed genetic map has recently been constructed. This facilitates the identification of mutated 
sites in mutants and the evolutionary comparisons of zebrafish genome with mouse and human 
genomes. 
However, zebrafish has its shortcomings as a model system as well. Until now, no 
reverse genetics have been worked out for zebrafish. Also only random mutations can be created 
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by chemical treatment and no targeting mutations can be produced in zebrafish as in mouse. 
Furthermore, compared to Drosophila, fish genetics is less powerful and still more genetic tools 
are waiting to be further explored. 
 
1.5 Sequence of appearance of zebrafish hindbrain boundaries   
From the high resolution analysis results, it can be observed that the rhombomere 
boundary specific gene expression patterns are initially ragged and  are gradually transformed 
into razor sharp within 8 hours (Moens and Prince, 2002; Cooke and Moens 2002). At the 
beginning, a rhombomere boundary is formed at the interface between two adjacent segments 
after the partition of protosegment. At later stage, some rhombomere specific gene expression is 
induced and boundary cells display their particular cell types and behaviors from the non-
boundary cells. Subsequently a mature boundary is formed. 
 Confocal time-lapse movies have revealed that although rhombomere boundaries cannot 
be seen at the 2 somite stage [10.55 hours post-fertilization (hpf)]. However, at around 16 somite 
stage (17 hpf) all the rhombomeres boundaries can be clearly identified based on their position 
relative to the otic vesicle (Moens et al., 1998). In the gastrula stage, the hindbrain primodium is 
firstly subdivided into an anterior (r1-r3) and a posterior (r4-r7) domain. Later, r4 is the earliest 
differentiated rhombomere and serves as a local signaling center in the hindbrain. Therefore, the 
earliest rhombomere boundaries to form are the r3/4 and r4/5 boundaries. The r3/r4 boundary is 
formed at 11.6 h/5 s while r4/r5 boundary appears at 12.5 h/7 s (Moens et al., 1998). 
Subsequently the r1/2 and r6/7 boundaries are formed by about 14 h/10 s (Maves et al., 2002). 
The last boundary to form is r5/r6, corresponding with the latest subdivision of protosegment of 
r5 and r6 (Cooke et al., 2001). 
 
1.6 Boundaries act as signaling center 
 Midbrain and hindbrain boundary (MHB) is the best known example that boundary 
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serves as the local signaling center in the developing central nervous system (Raible and Brand, 
2004). Cells at the MHB serve as organizers and send out instructive signals to the neighboring 
tissues, thereby directing their developmental fates. Studies from the avian embryos have 
revealed that grafts of tissue containing the mesencephalon and metencephalon can induce cells 
in the caudal forebrain to develop into an ectopic midbrain, and the posterior hindbrain to develop 
into ectopic cerebellum structures (Puelles et al., 1996). Later, several types of proteins are 
identified to be secreted from the midbrain and hindbrain junction, including Wnt and Fgfs 
families (Liu and Joyner, 2001). Inactivation of Fgf8 from 3-5 somite results in extensive cell 
death in the mesencephalon and metencephalon before E10, indicating that Fgf8 is required for 
the MHB development (Chi et al., 2003). Similarly, in the zebrafish acerebellar (fgf8) mutant 
embryos, the MHB boundary markers are initiated but somehow fail to be maintained (Reifers et 
al., 1998). Several explanations have been raised to explain how midbrain and hindbrain respond 
to the Fgf signaling differently. Firstly, different isoforms of Fgf8 have been identified and are 
found to have distinct activities in the induction of midbrain or hindbrain gene expression. In 
mouse ectopic expression of Fgf8a can results in the expansion of the midbrain, while 
overexpression of Fgf8b can induce the r1 gene expression and inhibit the expression of the 
midbrain genes (Liu et al., 1999). Similar results are got in the chick electroporation assays (Sato 
et al., 2001). Recent study has further suggested that Fgf17b and Fgf18 have similar abilities to 
Fgf8a in promoting the midbrain gene expression (Liu et al., 2003). Secondly, Fgf8b can induce 
the expression of negative modulators such as spry, and hence it results in the induction of a 
negative feedback loop (Liu et al., 2003). In chick Irx2 has been identified as a selector for the 
rostral hindbrain development and is expressed in the rhombic lip of the rostral hindbrain 
(Matsumoto et al., 2004). In the presence of Fgf8 signal, Irx2 acts as an activator and renders the 
rostral hindbrain competent to respond with the formation of the cerebellum. 
 In addition to Fgf signaling, Wnt signaling is also required for the development of MHB. 
In zebrafish, Wnt1 and Wnt10b function redundantly in their control of gene expression in the 
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ventral MHB and loss of Wnt1, Wnt3a and Wnt10b results in the absence of a significant portion 
of the midbrain and cerebellum (Lekven et al., 2003;Buckles et al., 2004). Wnt1-null mice show a 
loss of entire midbrain and hindbrain domains, and in spontaneous Wnt1 point mutation mice, 
Swaying, the anterior and posterior cell types at the mes-metencephalic border fail to segregate 
from each other (Bally-Cuif et al, 1995; Mcmahon et al., 1992). Recently a LIM homeodomain 
transcription factor Lmx1b is suggested to be essential for both the initiation of Fgf8 expression 
and the maintenance of several other genes, such as Wnt, En1, Pax2 and Gbx2 (Guo et al., 2007). 
Similar results are attained from zebrafish and chick, indicating that Lmx1b is indispensable for 
the initiation and maintenance of the induction activity of the isthmic organizer during MHB 
development (Matsunaga et al., 2002; O’Hara et al., 2005). Moreover, her5 and her11 is 
implicated in functioning upstream of Notch signaling, and act as prepattern factor within the 
MHB to inhibit the proneural gene expression such as ngn1 and coe2 (Geling et al., 2004; 
Ninkovic et al., 2005). 
 In the hindbrain, several Wnt family have been shown to be expressed at high levels in 
the rhombomere boundaries and the loss of wnt1, wnt3a, wnt8b and wnt10b results in the ablation 
of rhombomere boundaries and the associated cell types (Riley et al., 2004). In addition, knock-
down tcf3b, a Wnt pathway mediator, produced similar neuronal and glial defects (Dorsky et al., 
2003). Further analysis has revealed that a high expression level of Wnt1 is required for the 
upregulation of the delta and proneural gene expression and neurogenesis in the non-boundary 
cells (Amoyel et al., 2005). Taken together, rhombomere boundaries also act as organizers and it 
require the function of Wnts. 
 During somitogenesis, a somite forms from the presomitc mesoderm and the final step of 
somitic segmentation is controlled by the inductive events near the next-forming border. It has 
been suggested that the posterior border cells locating posteriorly adjacent to the presumptive 
boundary function as a segmenter to specify the future fissure between the anterior and posterior 
cells (Sato et al., 2002). Moreover, the segmenter activity is operated in a unidirectional manner 
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and in particular the posterior plays an important role in the separation of consecutive somites. So 
far only the Notch signaling pathway is known to be involved in this process. Recently Mesp2 is 
shown to be involved in the specification of the anterior identity of somite and is required for the 
generation of the segmenter activity in the anterior edge of the forming somite (Takahashi et al., 
2005). Eph/epherin-mediated signal is supposed to function downstream in this event and is 
necessary for the gap junction formation. Thus, the somitic boundary serves as a signaling center 
to ensure the pre-patterned anterior-posterior character of a somite. 
 
1.7 General introduction of Notch signaling pathway  
In the Notch signaling pathway, Notch is the receptor, and DSL (for Delta and Serrate 
from Drosophila and Lag-2 from C.elegans) proteins are the ligands. . In Drosophila, Delta (Dl) 
and Serrate (Ser) are the only two ligands. In mammals, five DSL ligands have been identified.  
The notch locus, was first described in Drosophila nearly a century ago (reviewed by Artavanis-
Tsakonas et al., 1999; Wu and Rao, 1999). Before Notch becomes a functional receptor, it 
undergoes the site 1 (S1) cleavage, which occurs at the extracellular site and takes place 
constitutively in the Golgi apparatus by a furin-like convertase. Later, upon ligand binding, Notch 
undergoes two successive proteolytic cleavages. The first cleavage is at the extracellular domain 
of Notch near the transmembrane domain S2 and is ligand-dependent. The S2-cleavage in turn 
triggers a ligand-independent cleavage within the juxtamembrane region of the intracellular 
domain S3. The S3 cleavage, catalyzed by the γ-secretase complex, releases the intracellular 
domain from the cell surface, allowing it to enter the nucleus. Once in the nucleus, the 
intracellular domain acts as an activator and recruits elements such as the DNA-binding protein 
called CSL (for human, CBF1; Drosophila, Suppressor of Hairless; C. elegans, Lag-1) and 
Mastermind, which in turn, directs the assembly of transcriptional complexes to drive the 
expression of target-genes (Mumm and Kopan, 2000). In the absence of Notch activity, CSL 
proteins recruit co-repressors, such as SMRT and SHARP, which in turn recruit CtBP, Groucho 
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and other global co-repressors to block the expression of target-genes (Bray, 2006). After 
activation of the Notch signaling pathway, Notch intracellular domain is hyperphosphorylated by 
the cyclin-dependent kinase-8 (CDK8) and is later promoted for the PEST-dependent degradation 
by the nuclear ubiquitin ligase SEL10 (Fryer et al., 2004). This CSL-dependent signaling pathway 
is called the canonical Notch pathway and is depicted in figure 1.4.  
In addition to the canonical Notch signaling, there is evidence indicating the existence of 
non-canonical pathway. Studies from Drosophila have suggested that Deltex has Su(H)-
independent function in the development of bristles on the notum and the eye (Ramain et al., 
2001). Moreover, protein binding assays reveals that Deltex can interact with Notch ankyrin 
repeats and acts a positive regulator of the Notch signaling pathway (Matsuno et al., 1995). NB-3 
is identified as a functional Notch1 ligand involved in the oligodendrogliogenesis and 
oligodendrocyte maturation, and it activates Notch1 via Deltex1 (Hu et al., 2003; Cui et al., 
2004). DNER3 is shown to play an important role in the mediation of neuron-glia interaction and 
is required for the promotion of morphological differentiation of Bergmann glia through Deltex-
dependent Notch signaling (Eiraku et al., 2005).  All these observations lead to the conclusion 
that the noncanonical Notch signaling pathway is Deltex-dependent and is independent of Su(H) 
and the Notch ligands, Delta and Serrate (reviewed by Brennan and Gardner 2002; Martinez-
Arias et al., 2002).  
All DSL ligands have an extracellular domain which includes a DSL motif for Notch 
binding and a variable number of EGF repeats. Recent biochemical studies from Drosophila and 
mammals have further shown that DSL ligands are cleaved sequentially to release extracellular 
and intracellular fragments (reviewed by Le Borgne et al., 2005). By analogy with Notch receptor 
signaling, it has been proposed that both the intracellular domain of Delta and Jagged may signal 
intracellularly, raising the possibility that DSL proteins are involved in bidirectional signaling. 
Recently, endocytic trafficking of Notch receptor and DSL ligands have been found to 
play an important role in the regulation of Notch signaling activity. Ubiquitylation of DSL ligand 
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by Neuralized (Neur) and Mind bomb (Mib) is proposed to promote the interaction with cytosolic 
adaptor proteins and hence result in the endocytosis of DSL ligands. Studies from zebrafish have 
suggested that transendocytosis of Delta is required for the S2 cleavage and the transendocytosis 
of the Notch extracellular domain (Itoh et al., 2003). In Drosophila ectopic expression of neur in 
mib larvae rescues the wing phenotype, indicating that Neur can compensate for the lack of D-
Mib activity despite the structure difference (Pitsouli and Delidakis, 2005; Le Borgne et al., 
2005).  However, non-ubiquitylated DSL ligands can also be targeted for the endocytosis but are 
unable to activate Notch signaling. After the ubiquitylated DSL ligands are sent to the 
endosomes, some of them will be recycled rather than be degraded. It is also possible that the 
DSL ligands enter the recycling pathway through deubiquitylation in an endosomal compartment.  
Different from the Mib, Itch, Deltex and Suppressor of deltex (Su(dx)) are involved in the 
ubiquitylation of Notch receptor. Deltex is an E3 ubiquitin ligase. It can ubiquitylate the Notch 
intracellular domain and facilitate its incorpfcoration into endocytic vesicles and lysosomal 
delivery (Hori et al., 2004). However, it is suggested that unlike Su(dx), Deltex is involved in 
protecting Notch from entering the degradative pathway by promoting the sorting of Notch to the 
endosomal compartments (Hori et al., 2004). In Drosophila, the deltex wing-margin phenotype is 
completely suppressed by the mutation of Su(dx), which encodes a HECT domain E3 ubiquitin 
ligase and is also able to bind to the intracellular domain of Notch (Cornell et al., 1999). In 
addition to these components, Numb has been shown to interact with Notch and Itch directly and 
promote the ubiquitinylation and degradation of Notch. Therefore, it has been proposed that 
Notch localization and activity might be regulated by the intricate balance of different E3-ligase, 
which in turn influences its accessibility to the ligands (Bray, 2006).  
 Notch signaling pathway is involved in limiting the number of cells that adopt a primary 
fate by lateral inhibition, and hence allowing the rest cells to adopt the late-developing secondary 
fates (reviewed by Lewis, 1998). A typical example of lateral inhibition mediated by Notch is the 
control of neurogenesis (Beatus and Lendahl, 1998). Cells in proneural clusters initially all 
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acquire the potential to adopt a neural fate by expressing proneural genes that encode basic helix-
loop-helix (bHLH) transcription factors. The proneural genes drive the expression of Delta to 
interact with Notch in neighboring cells. Activation of Notch by Delta subsequently leads to the 
expression of Notch effectors, including members of the Hes family, which inhibit one another 
from adopting a neuronal fate. Through this simple mechanism, cells within a proneural cluster 
compete to inhibit one another from adopting a neuronal fate. In addition to its lateral inhibition 
function, Notch signaling is also involved in generating contiguous domains of cells with the 
same fate, known as lateral induction. In zebrafish, Notch signaling is known to promote the 
formation of the neural crest domain between the neural plate and epidermis, and reducing Ngn1 
activity in embryos with the loss of Delta/Notch signaling helps to restore neural crest formation 
(Cornell and Eisen, 2002).  
In addition to controlling neuron formation, Notch signaling also plays essential roles in 
regulating other cell fate specification through local cell interaction from worms to humans, and 
is involved in a diversity of developmental processes during embryonic and adult life (Lai, 2004). 
In zebrafish, Notch acts via lateral induction in the endocardium and is crucial for endocardial 
epithelial-to-mesenchymal transition (EMT) (Timmerman et al., 2004). Introduction of the 
intracellular region of Notch1 can induce T cells expressing TCR without any thymic 
environment and inhibit the B cell development (Hozumi et al., 2003). In mouse and zebrafish, 
Notch and Notch effectors actively repress the completion of an acinar cell differentiation 
program (Esni et al., 2004). Recent studies from mouse and human leukemic samples have 
revealed that Notch activation is required for the normal development of T cell progenitors, and 
gain-of-function mutations in Notch1 result in T-cell acute lymphoblastic leukemia (T-ALL) 
(Sharma et al., 2007). 
 
1.8 Notch signaling in Boundary formation 
 In addition to the mediation of cell fate specification during embryonic development, 
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Notch signaling has been shown to plays a role in the alignment of border cells (reviewed by 
Irvine, 1999). It is well known that Notch signaling is involved in the Drosophila wing disc 
dorsal/ventral (D/V) and anterior/posterior (A/P) boundary formation. In addition, Notch and 
Notch modulator, Fringe, are expressed in the apical ectodermal ridge, indicating that Notch 
signaling is also involved in the limb D/V boundary formation (Tanaka et al., 1997; Irvine and 
Vogt, 1997). Moreover, Notch signaling has been shown to play an important role in somite 
boundary, rhombomere boundary and leg segment boundary formation. 
 
1.8.1 Notch signaling in somite boundary formation 
 In addition to cell fate specification, Notch activation is also involved in the regulation of 
somite formation. Somitogenesis is a continuous process that generates new borders at a 
relatively constant specific rate. The somites are subdivided into anterior and posterior parts that 
differ in their adhesive properties and gene expression, and this polarity is established before the 
formation of somite boundary (Gossler and Hrabe, 1998). Genetic screening has identified several 
somite mutants. Among them are mib, beamter (deltaC), deadly seven (notch1a) and after eight 
(deltaD), indicating that Notch signaling is involved in the somite formation (Rida et al., 2004). 
Mice carrying mutations for Notch1, RBPJγ, Delta like 1(Dll1) and Delta like 3 (Dll3) all have 
somite defects, such as irregular size and somite shape (Conlon et al, 1995; Oka et al., 1995; 
Kusumi et al., 1998; Dunwoodie et al., 1997). In addition, Notch related molecular, Lunatic 
fringe (L-fng), is expressed in the forming somite borders and loss of L-fng in mice fail to form 
somites (Zhang and Gridley, 1998; Evrard et al., 1998). Further studies have indicated that Hes1, 
Hes7, Hey2, and L-fng in mouse (Forsberg et al., 1998; Jouve et al., 2000; Leimeister et al., 2000, 
Bessho et al., 2001); hairy1, hairy2, hey2 and lfng in chicken (Palmeirim et al., 1997; McGrew et 
al., 1998; Jouve et al., 2000; Leimeister et al., 2000); her1, her7 , her11 and deltaC in zebrafish 
(Holley et al., 2000; Jiang et al., 2000; Sieger et al., 2004; Sawada et al, 2000; Oates and Ho, 
2002) are all dynamically expressed in the presomitic mesoderm during the somitogenesis. 
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Moreover, Mesp2-null embryos exhibit caudalized somites and the whole somite acquires the 
caudal-half property, whereas the Presenilin 1-null embryos exhibits rostralized somites 
(Takahashi et al., 2000). Presenilin-1 is a membrane-bound protein and functions as a component 
of γ-secretase complex, therefore allowing the nuclear translocation of Notch intracellular 
domains. 
The “clock and wavefront model” has been proposed to explain the process of somite 
formation (Cooke and Zeeman, 1976; Jiang et al., 2000). As proposed in the model, these cycling 
genes are expressed in a dynamic pattern of stripes which sweep across the PSM in a caudal to 
rostral direction, then progressively slow down and finally become restricted to the anterior and 
posterior compartment of each mature somite. During each cycle of segmentation, the clock is 
regulated by the cyclic expression of Notch related genes such as deltaC and her1. Moreover, 
synchronization of the expression cycles among neighboring cells is crucial for generation of a 
pattern of kinematical stripes with a periodicity corresponding to the time of formation of one 
somite. Recently, using an antibody to detect the endogenous levels of Notch1 activity in mice 
has shown that Notch1 activity oscillates in the posterior presomitic mesoderm but is arrested in 
the anterior presomitic mesoderm, indicating the somite border formed at the interface between 
Notch-activated and –repressed domains (Morimoto et al., 2005; Huppert et al., 2005). In Mesp2-
null mice, Notch1 expression is reduced while Mesp2 expression is down-regulated in Notch1- 
and Dll1-deficient embryos, indicating that Mesp2 functions in the feedback loop of Notch 
signaling network in somite boundary formation (Barrantes et al., 1999). Further studies have 
suggested that Mesp2 regulates the establishment of rostra-caudal polarity by controlling two 
Notch signaling pathways. The first one is Presenilin-dependent and the second is Presenilin-
independent. Dll1 is activated by the Presenilin1-dependent Dll1-Notch signaling pathway and is 
suppressed by the Presenilin1-independent Dll3-Notch signaling pathway (Takahashi et al., 
2000). In contrast to Dll1, Dll3 up-regulates Mesp2 and suppresses Dll1 (Takahashi et al., 2003). 
Recently a T-box transcriptional factor, Tbx-6, is identified and shown to bind directly to the 
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upstream region of Mesp2. Notch signaling also strongly enhances Mesp2 activation by Tbx6, 
and the loss of Notch by up to 50% (Yasuhiko et al., 2006).  
 
1.8.2 Notch signaling in the D/V boundary formation in Drosophila wing disc  
In Drosophila, it has been well studied that Notch is involved in the D/V boundary 
formation in the wing disc (reviewed by Tepass et al., 2002). This boundary is established in first 
instar larvae and is defined by apterous (ap) expression. Ap activates the expression of the 
serrate and fringe genes in dorsal cells. At first the Notch receptor is expressed in all cells. 
However, Notch activity is limited to a narrow stripe of cells along the dorsal-ventral boundary, 
where it induces the expression of target genes. Early in development, restricted expression of the 
Fringe in dorsal cells modifies the receptor protein Notch in the dorsal compartment. Fringe 
functions as a glycosyltransferase modifying the EGF domain of Notch when the receptor passes 
though the Golgi. Fringe activity makes dorsal cells more sensitive to Delta, a ligand expressed 
by ventral cells, and less sensitive to Serrate, the ligand expressed by the dorsal cells. 
Consequently, signaling by each ligand is limited to nearby cells on opposite sides of the 
boundary, and the result is that high levels of Notch activity are limited to a narrow band of cells 
along the D/V boundary. Later in development, another set of cell interactions take over to 
maintain Notch activity along the D/V boundary. Notch activation induces Wingless expression 
in boundary cells. Wingless expression limits Notch activity to cells immediately adjacent to the 
D/V boundary. 
It has been proposed that Notch activation confers a distinct boundary cell affinity, which 
is modified by the presence of Ap in dorsal cells into a dorsal-boundary affinity (Micchelli and 
Blair, 1999). However, in clones of cells where Notch signaling is constitutively activated, it does 
not result in its sorting to the D/V boundary. Therefore, another model has proposed that Notch is 
considered ‘permissive’ while Ap is ‘instructive’ for the specification of a distinct cell affinity 
(Milan and Cohen, 2003). Notch activation alone is proposed to be insufficient to specify a 
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distinct cell affinity that can influence compartmentalization. By contrast, another alternative 
explanation provided is that instead of influencing compartmentalization by contributing to 
dorsal- or ventral-type cell affinities, Notch activation creates a fence for this process (Irvine and 
Rauskolb, 2001). Recently, Major and Irvine observed that cells at the D/V compartment 
boundary display a distinct shape and F-actin is accumulated at the adherence junctions in the 
smooth interface (Major and Irvine, 2005). Moreover, a stripe of Notch activation is both 
necessary and sufficient for this D/V boundary cell phenotype. Taken together, the authors 
proposed that Notch affects compartmentalization through the organization of the actin 
cytoskeleton rather than the establishment of compartment-specific cell affinities, and it is via a 
non-transcriptional pathway (Major and Irvine, 2005). 
 
1.8.3 Notch signaling in Drosophila leg segment boundary formation 
 Drosophila legs are divided into 9 cylindrical and segmented appendages along the 
proximodistal axis by flexible structures called jointed (Fristrom and Fristrom, 1993). These 
segments are called coax, trochanter, femur, bibia and tarsa segments 1-5 from proximal (cloest 
to the body wall) to distal (tip of the leg). The observation that some Notch alleles display fusion 
of segments indicates a requirement of Notch for the segment boundary formation (Shellenbarger 
and Mohler, 1978). Further studies show that Notch is activated in rings of cells at the distal end 
of each leg segment during imaginal development and its activation is necessary for both the 
formation of joints and the growth of each leg segment (de Celis et la., 1998). Moreover, Serrate, 
Delta and Fringe are all expressed in a series of concentric rings within each of the future leg 
segments during the late stage of leg development (de Celis et al., 1998; Rauskolb and Irivine, 
1999). Loss of Notch ligands or Fringe results in fusions between leg segments and reduction of 
the leg growth, whereas ectopic activation of the Notch signaling cascade produces ectopic joint 
tissue. Further examinations have revealed that leg segmentation does not occur in a simple distal 
to proximal order, or in proximal to distal order. Instead, their segmentation occurs in a complex 
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sequence: the coax and femur appear first, later tarsal segment 2 and 5, next tibia and tarsal 
segment 3, last tarsal segment 1and 4 (Rauskolb, 2001).  
 Several genes are identified to be required for the joint formation and are regulated by 
Notch signaling: four-jointed (fj), nubbin, odd skipped, big brain and ap-2 (Rauskolb and Irvine, 
1999; Kerber et la., 2001; Buckles et al., 2001). As loss-of-function and gain-of-function 
phenotypes of Notch ligands and Fj are not identical, thus it raises the possibility that Fj also 
functions independently of its regulation of Serrate and Delta. Moreover, ectopic expression of 
odd skipped induces cellular changes similar to those with constitutive Notch activation (Hao et 
al., 2003). In cells expressing activated Notch, the phalloidin staining is increased, indicating 
accumulation of high levels of apical filamentous actin. In addition, cells ectopically expressing 
Odd skipped or constitutive Notch intend to invaginate. This invagination normally occurs at the 
border between cells expressing activated Notch and nonexpressing cells. Therefore, cells 
expressing activated Notch influence the invagination of neighbour cells non-autonomously.  
 
1.8.4 Notch signaling in rhombomere boundary formation 
Mutagenesis screening in zebrafish has identified several genetic loci that encode 
components of the Notch signaling pathway. While mutations in deltaD (after eight) and notch1a 
(deadly seven) only result in weak neurogenic phenotypes (Gray et al., 2001), loss of function in 
mib results in a strong neurogenic phenotype and displays disruption of the rhombomere 
boundaries at 24 hpf (Jiang et al., 1996). Mib is a component of the Notch signaling pathway and 
encodes a RING ubiquitin ligase. It plays an important role in the trafficking of DSL ligands 
rather than simply in protein degradation (Itoh et al., 2003). Cell transplantation studies further 
suggest that Mib function is essential in the signaling cell for efficient activation of Notch in 
neighboring cells. Moreover, rhombomere boundaries are formed initially but failed to maintain 
in dlAdx2 mutants (Riley et al., 2004). In addition, the hindbrain structure becomes increasingly 
disorganized subsequently. These results suggest that Notch signaling is not only involved in cell-
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fate decisions but also required for the establishment and/or maintenance of rhombomere 
boundaries.  
The Mib protein has several structure domains: mib/herc2 domain, zz zinc finger domain, 
and Mib repeat in the N-terminus, ankyrin repeats in the middle, and the three RFs in the C-
terminus. Several mib alleles have been identified in zebrafish and sequencing results reveal that 
while  mibta52b (M1013R) and mibtfi101(C1009S) have missense mutations in the C-terminal-most 
RF ,  mibm132 (C785stop) , mib178 (G412 stop) and mibtfi91 (Y60stop) have premature stop codons 
5’ to the RF domains, 5’ to the ankyrin repeats and close to the N-terminus, respectively (Itoh et 
al., 2003). Comparison of the neurogenic phenotype between mibtfi91 and mibta52b mutants by 
using huC as panneuronal marker reveals that mibtfi91 displays milder neurogenic defects than 
mibta52b mutants. Moreover, injecting mibta52b mRNA into wild type embryos indicates that 
mibta52b acts dominant negatively on Notch activation (Zhang et al., 2007b). Biochemical studies 
demonstrate that Mibta52b can interact with DeltaD and DeltaA but not ubiquitinate them. Thereby 
it suggests that Mib can antagonize against other E3 ligases and prevent DeltaA and DeltaD from 
proteosome-dependent degradation. Recently a Mib homologue, Mib2, is identified and can bind 
to dominant-negative Mibs to antagonize their function (Zhang et al., 2007a).  
Similar to the boundary expression of fringe in fruit fly, radical fringe (rfng) is also 
expressed in rhombomere boundary cells in zebrafish. By contrast, the expression of delta is 
detected in the nonboundary cells and straddles the boundary expression of rfng. Mosaic analysis 
reveals that activation of the Notch/Su(H) pathway is required for the regulation of cell affinity 
properties between boundary and nonboundary cells (Cheng et al., 2004). While cells expressing 
hyperactive Notch signaling are segregated to the boundaries, cells in which Notch signaling is 
inhibited are excluded from the boundaries. Moreover, Notch activation is important for the 
delayed neurogenesis at hindbrain boundaries and is required for the repression of boundary cells 
from premature neuronal differentiation. However, no evidence has been provided to prove the 
existence of a direct correlation between Notch and Eph signaling pathways. Thus this sorting is 
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highly possible through a different mechanism rather the Eph–epherin signaling, by which the 
compartments are first established, to determine the migratory ability of different levels of Notch 
activation cells.  
Although the mechanism of Notch activation in boundary formation remains to be 
explored, recent studies in mice have revealed that Hes1, one of the Notch effectors, is expressed 
in persistent and high levels in the interrhombomeric boundaries, while the expression in non-
boundary regions is at variable levels (Baek et al., 2006). In contrast, proneural bHLH genes are 
expressed at high levels in non-boundary cells and are absent in boundary cells. In Hes1;Hes5 
double-mutant hindbrains, the rhombomere boundaries are not properly maintained and ectopic 
neurogenesis in boundaries is observed. On the contrary, in regions with ectopic expression of 
Hes1, neurogenesis is blocked and proliferation rate is reduced. Therefore, it suggests that similar 
to zebrafish, Notch activation keeps the boundary cells from neurogenesis in mice. 
 
1.9 Wnt signaling pathway 
In vertebrates, there are two Wnt pathways: canonical and non-canonical (reviewed by 
Bejsovec, 2005). After canonical Wnts, such as Wnt1, bind to Frizzled receptors and lipoprotein-
related receptors (LRPs) 5/6, they will activate Disheveled, which in turn induces the disassembly 
of a complex consisting of Axin, adenomatosis polysis coli (APC), glycogen synthetase kinase 3β 
(GSK3β) and β-catenin. The interaction between Frizzled with their co-receptors LRP5/6 is 
proved to be specifically required for signaling through the canonical Wnt signaling pathway 
(Tamai et al., 2000; Pinson et al., 2000). In cells that are not stimulated by Wnts, the GSK3β 
phosphorylates β-catenin and triggers its degradation. Upon Wnts binding, the GSK3β activity is 
inhibited and the phosphorylation and degradation of β-catenin is blocked, leading to the 
stabilization of β-catenin in the cytoplasm. The released β-catenin later enters into the nucleus 
and activates the transcription of downstream-targets after binding to T cell factor (TCF)/ 
leukemia enhanced factor (LEF).  
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Non-canonical Wnts, including Wnt5a, also bind to Frizzled and activate Dishevelled. 
But instead of leading to activation of the small GTPase, this pathway leads to the activation of 
the Jun Kinase (JNK) and calcium pathways. Activation of the JNK pathway induces the changes 
in the cytoskeleton and is implied in regulating cell and tissue polarity. Different form that, 
activation of the calcium pathway results in the calcium flux and hence activation of protein 
kinase C and calcium/calmodulin dependent protein kinase II (CaMKII) (Veeman et al., 2003).  
Wnt signaling has been indicated to be involved in the posteriorization of nervous 
system. Overexpression of various Wnts and Wnt pathway components such as β-catenin and 
XTcf3 all leads to the repression of anterior and concomitant induction of posterior neural 
markers (Gamse and Sive, 2001; Darken and Wilson, 2001; Hamilton et al., 2001). Conversely, 
overexpression of secreted Wnt antagonists or loss of Wnt function leads to the expansion of 
forebrain markers and defects in the posteriorization of the neuraxis (Lekven et al., 2001; 
Hashimoto et al., 2000). Thus, it has been proposed that the dosage-dependent Wnt signaling is 
both necessary and sufficient for the anterior-posterior patterning of the neuraxis (Kiecker and 
Niehers, 2001). Further studies have indicated that Wnt antagonists are released from the anterior 
tissues and are crucial for the specification of the anterior neural tube (Mukhopadhyay et al., 
2001; Dorsky et al., 1998). There are several groups of Wnt signaling antagonists have been 
identified, such as Dickkopf1 (DKK1), Cerberus and Frizzled-related protein (FRZB1). And it 
seems that suppression of canonical Wnt signaling pathway is required for the anterior-posterior 
patterning of the neural tube. Studies from zebrafish have indicated that loss of tcf3 results in the 
loss of forebrain and a concomitant rostral expansion of midbrain and hindbrain markers (Kim et 
al., 2000). In addition to the hindbrain patterning, Wnt signaling also involved in the programmed 
death of neural crest cells in the hindbrain. During the early development, cSfrp2 is ubiquitously 
expressed in the hindbrain. However, the expression is down-regulated in the odd-numbered 
rhombomeres with the rhombomere formation. The ectopic cSfrp2 expression also prevents 
programmed cell death in the odd-numbered rhombomeres and its absence from odd-
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rhombomeres allows programmed cell death to be induced (Ellies et al, 2000). Furthermore, 
double Jnk1;Jnk2 mutant mice have reduced programmed cell death in the hindbrain and their 
neural folds fail to close , indicating β-catenin-independent Wnt signaling functions in the neural 
crest cell death (Kuan et al., 1999). 
In addition, Wnt signaling is also involved in the maintenance of stem cell fate through 
the canonical pathway. Both the inactivation of APC and the introduction of a dominant active 
form of β-catenin all result in inhibition of neuronal differentiation in vitro (Haegele et al., 2003). 
Furthermore, the activation Wnt pathway by 6-bromoindirubin-3’-oxime, a specific inhibitor of 
GSK-3, maintains the embryonic stem cells in undifferentiated state and sustains the expression 
of multiple stem cell markers such as Oct-3/4 and Rex-1 (Sato et al., 2004). Therefore, these 
findings lead to the conclusion that Wnt signaling is required for the maintenance of pluripotency 
and blocking Wnt activation results in the differentiation of embryonic stem cells.  
 
1.10 Wnt signaling interplays with Notch signaling in the rhombomere boundary 
formation/maintenance 
While wnt expression at early rhombomere boundaries has not been described in other 
vertebrates, several signaling factors of the Wnt family are identified in zebrafish rhombomere 
boundaries. Recent functional studies have revealed that Wnt signaling from rhombomere 
boundaries is required for maintaining rhombomere boundaries and patterning neurogenesis 
within rhombomeres. Forced expression of wnt1 partially rescues hindbrain patterning in mib 
mutant and knockdown of wnt1 or tcf3b, a mediator of Wnt signaling, leads to ectopic expression 
of boundary marker in non-boundary regions of the hindbrain (Dorsky et al., 2003; Riley et al., 
2004). Similar to the regulatory network in Drosophila wing disc, Wnt1 regulates proneural and 
delta gene expression in non-boundary regions in the zebrafish hindbrain, and it subsequently 
prevents the spreading of hindbrain boundaries by lateral inhibition (Amoyel et al., 2005). Thus, 
the rhombomere boundary formation in hindbrain is tightly controlled by an intricate interplay 
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between Wnt/β-catenin and Notch signaling and their relationship is depicted in figure 1.5.  
Several components have been identified to be involved in Notch and Wnt signaling 
pathways. Notch-regulated ankyrin repeat protein (Nrarp) is initially identified as Notch pathway 
component. It can bind to Notch-intra and bring down-regulation of Notch-intra. Therefore, Nrarp 
functions as a negative feedback regulator of Notch signaling to attenuate ICD-mediated 
transcription in the Notch signaling pathway (Lamar et al., 2001). Recently Nrarp is found to 
stabilize LEF1 protein by blocking Lef1 ubiquitination and thus acts a positive regulator in the 
Wnt signaling pathway (Ishitani et al., 2005). Therefore, Nrarp regulates canonical Wnt and 
Notch signaling pathway independently by modulating LEF1 and Notch protein turnover 
respectively. Two nrarp homologues have been isolated in zebrafish and display dynamic 
expression in the hindbrain (Topczewska et al., 2003). However, whether they are involved in the 
rhombomere boundary formation remains to be determined. In addition to Nrarp, Presenilin is 
also found to be a common component between Wnt and Notch signaling pathway (Strooper and 
Annaert, 2001). Presenilin1 is a component of γ-secretase involved in the proteolytic S3 cleavage 
of Notch and is active in the acidic endocytic compartments such as the late-endosomes (Ray et 
al., 1999; Lah and Levey, 2000). Once released from the membrane, Notch intracellular domain 
(NICD) moves into the nucleus where it promotes the transcriptional regulation through CSL 
family transcription factors. Presenilin can also function in the Wnt signaling pathway by 
increasing the β-catenin turn-over and in particular repressing Lef-1 dependent transcription in 
dosage-dependent manner. Loss of Presenilin results in more cells entering the S phase of the cell 
cycle. Moreover, Dishevelled (Dsh) has been shown to interact physically with Notch and to 
inhibit its signaling during wing bristle development (Axelrod et al., 1996). Recent study 
indicates that Canoe (Cno) function as a mediator and is required for the inhibitory effect of Dsh 
on Notch signaling (Carmena et al., 2006). Dsh is also a phosphorprotein that becomes 
hyperphosphorylated upon Wg signaling (Yanagawa et al., 1995; Rosso et al., 2005). Therefore, 
Dsh also acts as a mediator between Wnt and Notch signaling pathways.  
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1.11 Glial boundaries  
Early studies have underscored that rhombomere boundaries function as barriers for the 
migration of precursor cells across the boundaries as they have enlarged intercellular space and 
are embedded in a specialized extracellular matrix (Wingate and Lumsden, 1996; Heyman et al., 
1993, Guthrie and Lumsden, 1991). However, other studies have revealed that boundary regions 
are also filled with radial glia processes, providing scaffolding for migration neurons (Heyman et 
al, 1993; Yoshida and Colman, 2000). Radial glial cells are group of cells with a radial 
morphology and similar molecular characteristic of astroglia. Both radial glial cells and astroglia 
express glutamine synthase, tenascin-C and astrocyte-spcific glutamate transporter. Similar to 
neuroepithelial cells, radial glial cells stretch their processes from the ventricular lumen at the 
apical surface and extend them to the basal membrane at the pial surface. However, unlike 
neuroepithelial progenitors, the radial glial cells retained pial contact during the process 
development. In vertebrates, the axon growth cones extend in contact with the endfeet of radial 
glial cells (Wilson and Easter, 1991). Therefore, it is suggested that these radial glia-like 
processes are required for guiding axonal growth and separating axons form other tracts by 
providing permissive substrates, which in turn ensure correct distribution of axons in the 
hindbrain.  
Traditionally radial glia is considered to be the supporting cells used by newborn neurons 
for migration out of the ventricular zone rather than neuron progenitors. However, studies also 
suggest that in addition to neuroepithelial cells and basal progenitors, radial glial cells are also 
able to generate neurons. In zebrafish, radial glia cells are proved to be progenitors by mitotic 
marker phosphohistone H3 staining (Lyons et al., 2003). Studies from mice have further 
suggested that nearly all neuronal populations derive from the brain lipid binding protein 
(BLBP)-expression progenitors and the vast majority of telecephalic neurons are derived from 
BLBP+ radial glia, indicating that radial glia function as progenitors for the majority of central 
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nervous system neurons and that the neurogenic stage of radial glial development is temporally 
and spatially dynamic (Anthony et la., 2004; Malatesta et al., 2003).  BLBP is a member of the 
large family of hydrophobic ligand-binding proteins that is required for the radial glial 
morphological changes in response to neuronal cues (Anton et la., 1997).  
In zebrafish, glial curtains formed on each side of the rhombomere boundary at 48 hpf 
and these cells can be identified by using anti-Zrf-1 or anti-GFAP antibody (Marcus and Easter, 
1995; Trevarrow et al., 1990). GFAP-positive processes can be detected firstly at the lateral part 
of the hindbrain at 15 hpf, slightly before the first axon out-growth in the brain. Later, the early 
neurons mature in the similar lateral region of the hindbrain. By 24 hpf, GFAP-positive cells are 
widely distributed throughout the hindbrain. By 2 dpf GFAP is restricted to be expressed in the 
cells adjacent to the rhombomere boundaries. It is also observed that at that time boundaries are 
occupied with GFAP-positive processes and endfeet together with axons. The presence of glial 
palisades at the boundaries of rhombomeres strongly suggests that in the zebrafish, glia is 
important for the subdivision of the hindbrain at the pharygula stage. Coincidently, there are 
groups of Notch components expressed in the same region as the glia marker expressing cells, 
indicating that Notch signaling promote the glia cell fates and maintain the rhombomere 
boundary at a later stage through gliogenesis.  
 
1.12 Notch signaling in gliogenesis 
The canonical Notch signaling is used to maintain a pool of uncommitted precursors, 
whereas a subset of cells is later chosen to leave this pool and differentiate into neurons. 
Therefore, Notch activity inhibits the surrounding cells from becoming the primary cell type 
being specified. However, numerous recent studies in vertebrates have suggested that rather than 
simply inhibiting neuronal differentiation and maintaining a neural progenitor cell state, Notch 
may, in some contexts, promote the acquisition of glia identity by an instructive mechanism, by 
actively promoting glia differentiation in the responding cells (Gaiano and Fishell, 2002; Gaiano 
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et al., 2000; Scheer et al., 2001). The apparent tendency of Notch to inhibit differentiation has 
suggested that this pathway is an indirect regulator of cell fate, rather than a direct or 
“instructive” regulator. For example, in the zebrafish retina, misexpression of a constitutively 
active form of Notch in retinal progenitors either promotes the differentiation of Müller glia or 
remains the cells undifferentiated (Scheer et al., 2001). In the developing mouse telencephalon, 
Notch1 and Notch3 have been demonstrated to function similarly in promoting radial glia and 
astrocytic character in vivo, and both may activate similar signaling cascades. Moreover, in 
developing mouse telencephalon, activated Notch3 can promote radial glial cell fate together with 
Notch1 (Dang et al., 2006). The expression of an activated form of the Notch effector CBF1 
(CBF1-VP16) or Hes5 also promotes radial glia/progenitor character in vivo (Dang et al., 2006). 
Moreover, activated Notch1a plays an instructive role in promoting radial glia and overexpression 
of Notch1a-intra leads to excessive and premature gliogenesis (Scheer et al. 2001). Inactivation of 
Hes1, Hes5 and Hes3 results in premature differentiation of radial glial cells into neurons and 
therefore depletion of late-born neurons (Hatakeyama et al., 2004). Furthermore, studies from 
mice have indicated that a binding site for the Notch effector CBF1 is essential for brain lipid 
bind protein (BLBP) transcription in radial glia and loss of Notch1 and Notch3 greatly reduce the 
number of BLBP expressing cells, indicating that BLBP is a direct Notch target gene mediating in 
radial glia formation (Anthony et al., 2005). Further investigations reveal that the effect of 
Notch1 on transcription of BLBP expression is dependent on Su(H) (Patten et al., 2003). Early 
reports have shown that neuron-glia contact are required for the morphological differentiation of 
radial glia via Neuregulin-ErbB signaling, and ErbB signaling is also required for the neuronal 
migration (Rio et al., 1997). In contrast to the regulation of the BLBP expression, the Notch1-
mediated ErbB expressing and glial morphological differentiation is dependent on Deltex1 
(Patten et al., 2003; Pattern et al., 2006). 
Previous studies have shown that Notch1 promotes radial glial character in vivo and the 
formation of multipotent neurosphere in the presence of FGF2 in vitro, indicating that the 
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differentiation of glia cell fate is mediated by interaction between Notch signaling and FGF 
signaling (Yoon et al., 2004). However, in vivo studies suggest that Notch1 maintains progenitor 
cell fate and modulates growth factor responsiveness indirectly, while in vitro results indicate that 
Notch might directly influence FGF signaling cascades as Notch activation rapidly increases the 
fraction of progenitors that proliferate in FGF. Therefore, more work need to be done to 
determine if the correlation between Notch signaling pathway and FGF signaling pathway is 
direct or indirect. In addition, Jak/STAT signaling is also found to interact with Notch signaling 
pathway in gliogenesis.  
 
1.13 Glia-derived signals in gliogenesis 
During brain development, neurogenesis occurs before gliogenesis, and both intrinsic and 
extrinsic signals are implicated in the switch from neurogenesis to gliogenesis. While thyroid 
hormone induces oligodendrocyte differentiation, group of structurally related cytokines, 
consisting of the leukemia inhibitory factor (LIF), ciliary neurotrophic factor (CNTF), 
cardiotrophin 1 (CT-1), neuropoietin and cardiotrophin-like cytokine (CLC), are potent inducers 
of astrocyte production (Bonni et al., 1997). It has been suggested that LIF and CNTF exert their 
effects primarily via the JAK/ STAT signaling pathway (Rajan and McKay, 1998). After LIF and 
CNTF bind to related receptors, they activate a receptor-associated tyrosine kinase, the Janus 
kinase (JAK1) (reviewed by Stahl and Yancopoulos, 1994). Activated JAK1 in turn 
phosphorylates two cytoplasmic proteins, the signal transducers and activators of transcription 1 
and 3 (STAT1 and STAT3). This leads to STAT dimerization and its translocation to the nucleus 
where the STATs activate cell type and stimulus specific programs of gene expression (Bonni et 
al., 1993; Rajan and McKay, 1998). In addition to its function as a transcriptional activator to 
promote neurogenesis, Ngn1 can also inhibit the activation of STAT transcription factors that are 
necessary for gliogenesis (Sun et al., 2001).  Moreover, it is found that Neurogenin level is down-
regulated after the completion of neurogenesis, which allows progenitor cells to respond to glia-
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inducing factors such as LIF and BMPs to produce astrocytes. In this way, the temporal control of 
neurogenin expression orchestrates the sequential onset of cortical neuronal and glial 
differentiation and the pathway mechanism is illustrated in figure 1.6. 
Recently it is found that LIF-treated neural progenitor cells exhibit a biopolar, elongated 
radial morphology and Gfap expression is induced in these cells. However, they do not terminate 
into astrocytes, indicating that neuropoietic cytokines such as LIF are important for initiation of 
Gfap expression but not astrocyte cell fate determination (Bonaguidi et al., 2005). In addition to 
maintaining stem cell fate, these cytokines also play a role in the neural stem cell self-renewal. 
Infusion of CNTF into the brain of the wild type mouse increases the number of subventricular 
zone-derived neurospheres generated from the mice (Shimazaki et al., 2001). Moreover, 
cytokines are critical survival factors for neurons during development and following injury in 
adulthood. Furthermore, LIF and CNTF are the primary cytokines that are required for the 
survival and maintenance of developing motor neurons postnatally (Sendtner et al., 1996; 
Zigmond and Sun, 1997).     
 
1.14 Aim and object of this study 
It is well established that Notch signaling is involved in D/V boundary formation in the 
fruit fly. However, it has become clear only recently that the Notch pathway plays a similar role 
in the zebrafish rhombomere boundary formation/maintenance. In this study, I further explored its 
detailed mechanism by identifying the new Notch component that was expressed in the 
rhombomere boundary. Besides that, I also addressed the correlation between neurogenesis and 
boundary formation and to determine if it is via Su(H)-dependent or Su(H)-independent Notch 
signaling pathway. In addition, I investigated what receptors are involved in the rhombomere 
boundary formation and how they may function. As Wnt signaling has been shown to interplay 
with Notch signaling in the rhombomere boundary formation, it is therefore of great interest to 
discover the new common components between these two signaling pathways. In the process, I 
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                                                                                                                             (Modified from Chandrasekhar, 2004) 
  
Figure1.1 Different organizations of craninal motor neurons in zebrafish, chick and mouse. All the hindbrains are 
anterior to the top, with the dorsal most neural tube at the lateral margins of the diagrams. Note that hindbrain can be 
divided into rhombomeres from r0/r1 (isthmic rhombomere anteriorly/ r1 posteriorly) to r8 (caudal hindbrain). Also 
note that the alar plate (AP) and basal plate (BP) have not been described in zebrafish and therefore the assignment is 
tentative, whereas the AP and BP in mouse and chick can be easily identified by the sulcus limitans. In addition, the 
nerve exit points of branchiomotor neurons (BMN), vesiceromotor neurons (VMN) and otic efferent axons are more 
ventral in zebrafish. However, the exit points of SMN axons are all located ventrally within the BP in all species. For 
simplification, motor neuron populations are depicted only in one side of the embryos. FP, floorplate. OV, otic vesicle. 



























                                                                                                                  (Modified from Trainor and Krumlauf, 2000) 
 
Figure 1.2 Model for boundary formation. At first, a fuzzy boundary will be formed after the two segment cells gain 
their unique identity by expressing different scenario of transcription factors. Later through bi-directional Eph-epherin 
signaling pathway the gap junction formation was inhibited and therefore the intermingling between adjacent cells was 






























                                                                                                                          (Modified from Moens and Prince, 2002) 
 
Figure 1.3 Hox genes confer segment identity to the rhombomeres. The diagrams illustrate the paralog Hox genes 
groups that are expressed in both mouse and zebrafish. Note that different paralog groups are shown in different 











                                                                                                                        (Modified from Mumm and Kopan, 2000) 
 
Figure 1.4 Core Notch signaling pathway. Four core elements of the Notch signaling pathway are the Notch receptor, 
DSL (Delta, Serrate, Lag-2) ligands, CSL(CBF1, Suppressor of hairless, Lag-1) transcriptional cofactors and target 
genes such as the HES (Hairly/Enhancer of Split) family of the basic helix-loop-helix transcriptional regulators. After 
ligand binds to the receptor, it induces the proteolysis of Notch. The released Notch intracellular domain later will be 
translocated into the nucleus and binds to the CLS transcriptional factor. Without Notch binding, the CSL is a repressor 





























                                                                                                                               (Modified from Amoyel et al., 2004) 
 
Figure 1.5 Similar regulation of intercellular signaling between Drosophila wing disc and the zebrafish 
rhombomere boundary formation. Note that wg/wnt1 can be induced by Fringe-mediated modulation of Notch 
activity at boundaries in both Drosophila wing disc (A) and zebrafish hindbrain (B). However, there is Fringe-
independent expression of wnt1 in the roof plate in zebrafish. In addition to that, Wnt1 can act at longer ranger to 
promote the neurogenesis in the whole hindbrain. Despite the differences, Wnt1 functions to upregulate the proneural 
gene expression (as-c/ash) in both wing disc and hindbrain, which in turn suppresses the non-boundary cells from 
adopting boundary cell fates. At the same time, upregulation of proneural genes can promote the expression of delta 
genes, which later activate the Notch activation in boundary cells. As Notch activation is not sufficient for the boundary 






                                                                                                                                        (Modified from Morrison, 2001) 
 
Figure 1.6 Notch signaling, Cntf signaling and BMP signaling function together in regulating gliogenesis. In the 
Notch signaling pathway, Notch activation suppresses the expression of neurogenin1 and in turn to promote the glia 
formation. Cntf signaling pathway can promote the glia differentiation by activating JAK-STAT signaling pathway, 
while bone morphogenetic protein promote the neurogenesis in the presence of Neurogenin1 and gliogenesis in the 
absence of Neurogenin1.Lifr, leukemia inhibitory factor receptor; Cntfrα, cililary neurotrophic fator receptor α; BMP-

























Materials and Methods 
 
2.1 Production and purification of GST fusion proteins 
GST-Wnt fusion proteins are constructed by subcloning wnt genes into the multiple 
cloning sites of pGEX vectors from pCS2-myc-Wnt. After transforming pGEX-Wnt constructs 
into E.coli BL21, expression of GST-Wnt fusion protein was induced by 0.2 mM IPTG 
(Biovectra) when cultures were grown at 30°C to an optical density of 0.6 to 0.8 at 600 nm. Cells 
were harvested by centrifugation and lysed by sonication in lysis buffer [50 mM phosphate (pH 
7.8), 300 mM NaCl, 1% Triton X-100, 0.1 mM phenylmethylsulfonyl fluoride]. Cell debris was 
removed by centrifugation, and the supernatant was absorbed to glutathione-Sepharose beads 
(Pharmacia). Glutathione-Sepharose beads with bound GST fusion proteins were collected by 
centrifugation and washed four times with lysis buffer. Primers used in CS2-myc-Wnt or pGEX-
Wnt constructs are listed in Table 2.1. 
 
2.2 GST pull-down assays 
35S labelled Mib protein were obtained by coupled in vitro transcription-translation 
(Promega) of CS2+-Mib in rabbit reticulocyte lysates with T7 RNA polymerase in the presence 
of (35S)-methionine (Amersham). The typical reaction system is 50 µl, containing 25 µl 
reticulocyte lysates, 2 µl TNT® buffer, 1 µl RNase inhibitor, 1 µl SP6 TNT® RNA polymerase, 4 
µl 35S–methionine, 1 µl 1.0 mM amino acid mixture minus methionine and 1 µg DNA template.  
The reaction was incubated at 30°C for 2 hrs. Equal amounts of labeled proteins were incubated 
with 5 µg of either GST alone or GST-Wnt fusion proteins bound to 20 µl of glutathione-
sepharose beads (Pharmacia) for 1 hour at 4 °C in 1 ml of buffer A20 [20 mM HEPES-NaOH 
(pH7.9), 10% glycerol, 1 mM EDTA, 10 mM MgCl2, 4 mM DTT, 0.1 mM PMSF, 20 mM KCl] 
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containing 1% Triton X-100. The beads were then washed with five times in 1ml of buffer A20 
containing 1% Triton X-100, boiled in SDS sample buffer and loaded on 10% polyacrylamide gel 
[SDS-polyacrylamide gel electrophoresis (PAGE)]. 35S-labeled Wnt was visualized by 
autoradiography.  
 
2.3 Immunoprecipitation (IP)  
COS7 cells were subcultured in 100 mm plate the day before transfection. The cells were 
co-transfected with 4 µg pCS2-FLAG-tag mib plasmids and 4 µg pCS2-myc-tag wnt plasmids in 
35 µl DOTAP (Roche) and HEPES (pH 7.4) to final volume 150 µl. 30 hrs after transfection, 
cells were harvested in lysis buffer containing PMSF (Pierce). Lysate was clarified by 
centrifugation and the supernatant was incubated with mouse anti-FLAG M2-Agrose (SIGMA-
ALDRICH) at 4°C for 4 hrs. Later, un-bound protein was removed by washing the gel support 
with lysis buffer for 6 times and 30 µl 2X SDS sample loading buffer was added. Samples eluted 
in loading buffer from the gel support was recovered and analyzed by SDS-PAGE. Myc-tagged 
and FLAG-tagged proteins were detected  by 1:1000 rabbit anti-myc antibody (Ab) (Santa Cruz 
Biotechnology) or 1:500 rabbit anti-FLAG Ab (SIGMA-ALDRICH) respectively. 
 
2.4 in vitro ubiquitination assay 
Different 35S labelled Wnt proteins were incubated with 250 ng Rabbit ubiquitin 
activating enzyme (E1) (BostonBiochem), 400 ng Ubc5α ubiquitin conjugation enzyme (E2) 
(BostonBiochem), 10 µg Ubiquitin (SIGMA-ALDRICH), 2 µg GST, GST-Mib(ANK) or GST-
Mib(ANK+RF123) and 3 µl 10X Buffer (0.5 M Tris pH7.5; 20 mM ATP; 50 mM MgCl2; 20 mM 
DTT) in a final volume of 30 µl at 30°C for 1.5 hours with agitation in an Eppendorf 
Thermomixer. After the reaction, samples were heated to 95°C in an SDS–PAGE sample buffer 
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before being separated by electrophoresis on 10% SDS gels. 10µl 4x protein loading buffer was 
added and heated for protein loading on an SDS-PAGE gel. 
 
2.5 Antisense or sense probe synthesis 
3 µg of plasmid DNA was linearized with a proper restriction enzyme at 37°C for 2 hrs. 
After purification 1 µg of linearized DNA was used as a template to synthesize the probe. The 
reaction contained 4 µl 5X transciptional buffer (Strategene), 2 µl of DIG/Fluorescein-labelling 
NTP mix (Roche), 1 µl of RNase inhibitor (Roche) and was made up to total volume 20 µl with 
sterile water and template. After incubation at 37°C for 2 hrs, 1 µl of RNase-free DNase I was 
used to digest the DNA template at 37°C for 30 min. Following the reaction, 2 µl of EDTA, 2.5 µl 
of LiCl (4 M) and 75 µl prechilled ethanol were added into the mixture and kept at -80°C for 30 
minutes. Later the pellet was spun down and washed with 70% ethanol. 50 µl of sterile water was 
added to dissolve the pellet and stored at -80°C for future use. The probes used in this study are 
listed in Table 2.2 and their function is listed in Table 2.10. 
   
2.6 Whole-mount in situ hybridization 
The DIG-labeled RNA probe was added to the above embryos at 65°C overnight. The 
non-bound RNA probe was washed away by several steps: 50% formamide/50% 2X SSCT (0.1% 
Tween-20) at 65°C for 30 min, 2X SSCT at 65°C for 15 min, and 0.2X SSCT at 65°C for 30 min 
for two times. Embryos were incubated in 2% Blocking solution in MAB buffer (150 mM maleic 
acid, 100mM NaCl, pH 7.4) at RT for 1 hour, and then incubated with 1:2000 anti-DIG AP 
antibody (Ab) (Roche) at RT for 2 hours. The unbounded Ab was washed away by MAB buffer 4 
times at 25 min each and followed by AP Buffer (0.1 M Tris-HCl; 0.1 M NaCl; 0.05 M MgCl2, 
pH 9.5) at RT for 3 times and 5 min each. For colour reaction embryos were soaked in AP buffer 
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with 5 µl NBT (Roche) plus 3.75 µl BCIP (Roche) per ml. The staining was stopped by PBST 
wash and then put in 4% PFA-PBS at 4°C overnight.  
 
2.7 Detection of fluorescein-labelled probe 
Embryos were blocked for at least 1 hour at RT with MAB buffer (pH 7.5) plus blocking 
reagent (2% Roche Blocking Reagent). Anti-fluorescence POD (Roche) was added at a 1:500 
dilution in above solution and embryos were incubated at 4°C overnight. Embryos were washed 
for 20 min, 4X in 1X MAB buffer and for 5 min, 2X in PBST at room temperature. Embryos 
were incubated for 45 min in TSA Plus Fluorescein Solution (Perkin Elmer) (the fluorescein-
tyramide substrate was centrifuged briefly before making staining solution and then diluted 1:50 
in amplification buffer). Embryos were washed for 10 min each in 30%, 50%, 75% and 100% 
methanol in PBST. To inactivate the POD, embryos were incubated in 1% H2O2 in 100% 
methanol for 30 min at RT. Embryos were then washed for 10 min each in 75%, 50% and 30% 
methanol in PBST and then for 10 min, 2X  in PBST. 
 
2.8 Cryostat sectioning 
Stained embryos were transferred into a 1.5ml eppendorf cap and the orientation was 
adjusted and fixed in 1.5% bactoagar in 5% sucrose with a needle. After the agar block solidified, 
a small block was cut with razor blade and then soaked into the 30% sucrose solution overnight. 
Subsequently, freezing medium was used to stick the block on a prechilled tissue holder. The 
frozen block later was placed on a cryostat chamber for 30 min equilibration and 10 µm thick 
sections were cut on a Leica CM 1900 Cryostat. Sections were collected and placed on the warm 




2.9 Fish maintenance 
Zebrafish maintenance and breeding were carried out under standard conditions at 28.5°C 
(Kimmel et al., 1995).  Fishes were fed three times per day with brine shrimp and brown powder. 
They were kept under photoperiod cycle set at 14 hrs of daylight and 10 hrs of darkness. Embryos 
were raised at 28.5°C and the approximate stage is determined under the dissecting microscope.  
 
2.10 Viewing anesthetized embryos 
Anesthetic is used in positioning embryos, which are older than 20 somite stage. To make 
26 times stock solution, 400 mg of Tricaine (SIGMA-ALDRICH) powder was added into 97.9 ml 
of distilled water plus 2.1 ml Tris (pH 9.0). After adding Tricaine solution to the egg water, the 
embryos will stop twitch in a few second and then can be transferred and mounted in 1% low 
melting agarose for viewing. For embryos older than 24 hpf (hours post fertilization), in order to 
avoid the formation of melanin pigments, embryos were incubated in 0.2 mM PTU (SIGMA-
ALDRICH ). 
 
2.11 Inhibition of cell proliferation 
Cell proliferation was inhibited by treating embryos with 100 µg/ml aphidicolin 
(SIGMA-ALDRICH) in 1% DMSO from 15 hpf (hours post fertilization) until 24 hpf. This 
treatment will significantly slow down but not completely block the cell proliferation. Reduction 
in cell proliferation was measured using an antibody to phosphorylated histone H3 (Upstate) as 
described below. 
 
2.12 Live embryo imaging 
Bodipy ceramide (Molecular Probes) was dissolved in DMSO to a stock solution 
concentration of 5 mM. Dechorinated embryos were soaked in 200 µM bodipy ceramide solution 
for 30 min in the dark. The embryos were then washed with egg water three times ten minutes 
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each and mounted in wells in 1% low melting agarose for confocal microscopy. Confocal 
imaging was performed using a Zeiss LSM510 laser-scanning microscope, using standard 
confocal imaging techniques (Cooper et al., 1999). Confocal images were analyzed using LSM 
software (Zeiss) and Photoshop 6.0 (Adobe). 
 
2.13 Quick lysis of adult fins 
Live fish were anaesthetized with 3% Tricaine (SIGMA-ALDRICH) and one-half of each 
tail fin was cut with a scalpel and placed in a separate well of a PCR plate. After each use, the 
blade was dipped in EtOH to burn off the residue DNA. Fish were returned to fish tank 
immediately. 50µl lysis buffer (10mM Tris[pH 8.2], 10mM EDTA, 200mM NaCl, 200µg/ml 
proteinase K, 0.5% SDS) was added to each PCR well. After heating in the thermocycler 
(Eppendorf) at 55°C for 1 hour and later at 94°C for 10 min, 1µl genomic DNA was taken out and 
diluted in 20 µl water. For each PCR reaction, 1µl diluted genomic DNA was used as the 
template. Primers used to identify hsp70:GAL4/+ and UAS:myc-notch-intra/+ transgenic line are 
listed in Table2.3. 
 
2.14 Total RNA extraction 
1ml Trizol (Invitrogen) was added into an eppendorf tube containing 100 wild-type 
embryos. Embryos were then homogenized and incubated at RT for 5 min. Debris was spin down 
and 0.2 ml chloroform (SIGMA-ALDRICH) was added to the supernatant. The upper aqueous 
phase containing the RNA was transferred to a fresh tube and 0.5ml isopropyl alcohol (MERCK) 
was added. RNA was pelleted by centrifugation and washed with 75% cold ethanol. 50 µl sterile 
water was added to the pellet and stored at -80°C for future use. 
 
2.15 Reverse transcription PCR (RT-PCR) 
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 1 to 5 µg of total RNA plus 1 µl oligo(dT)12-18 (500ug/ml) was added into a PCR 
tube. The volume was made up to 12 µl by adding sterile water. Next, the mixture was heated to 
70°C for 10 min and then quick chilled on ice. Later 4µl 5x First Strand Buffer, 2 µl  0.1 M DTT , 
1 µl  10mM dNTP mix (10 mM each dATP, dGTP, dCTP and dTTP ) (Roche) and 1 µl (200 
units) of SUPERSCRIPT II (Invitrogen) was added to the PCR tube and mix the contents by 
pipetting gently up and down. After incubation at 42°C for 50 min, the reaction was inactivated 
by heating at 70°C for 15 min. Primers used in RT-PCR for cloning of partial or full-length genes 
are listed in Table 2.4 and primers used in functional studies of cntfrα morphants are listed in 
Table 2.5. 
 
2.16 Immunohistochemical staining  
Embryos between 12 and 48 hours old were fixed in either 4% formaldehyde buffered 
with PBS or 2% TCA (SIGMA-ALDIRCH) for 4 hrs at room temperature. After fixation, 
embryos were rinsed with PBS, then rinsed with distilled water, permeabilized with acetone 
treatment at -20°C for 5 to 10 min, rinsed again with distilled water and then PBS, and then 
blocked in PBDT (PBS with 0.1% Triton X-100 and 1% DMSO) with 10% goat serum for 2 
hours at room temperature. Embryos were then incubated overnight at 4°C in primary antibodies 
with 5% goat serum at the following dilution: RMO44 (SIGMA-ALDIRCH):1:200; Zrf-1 (Zfin): 
1:4; anti-phosphohistone3 (anti-PH3) (Upstate): 1:200; anti-acetylated tubulin (ACT) (SIGMA-
ALDIRCH): 1:1000; anti-Zn8 (Zfin): 1:200; anti-Zna-1 (Zfin):1:200. The next day, embryos 
were washed in PBDT buffer six times for 15 min each followed by incubation in biotin-labelled 
secondary antibody (Pierce) overnight at 4°C. Following six washes in buffer, embryos were 
incubated in a peroxidase-conjugated avidin-biotin complex (ABC kit) (Pierce) for 1 hour. A 
brown precipitate was formed by incubating embryos with 0.8 mg/ml of DAB (SIGMA-
ALDIRCH) and 0.001% H2O2. Function of antibodies used in this study is listed in Table 2.10. 
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For whole-mount immunofluorescent staining, embryos were washed with PBDT after 
the primary antibody incubation and different secondary antibodies were added. They are 
fluorochrome-conjugated Alexa Fluor 488 or 594 goat anti-mouse or goat anti-rabbit IgG 
(Molecular Probe) at 1:200 dilution at room temperature for 2 hrs. Embryos were then rinsed with 
PBDT and analyzed using a Zeiss fluorescence microscope. Images were obtained using a Zeiss 
510 confocal microscope.  
 
2.17 5’/3’ Rapid amplification of cDNA ends (RACE)  
5’RACE was to amplify the unknown sequences at the 5’ end of the mRNA. First strand 
cDNA was synthesized with a specific primer SP1, purified and tailed according to the 
instructions. The tailed cDNA was used as template for the first PCR amplification with the oligo 
dT-anchor primer and a nested specific primer SP2. After the first round PCR, the PCR anchor 
primer and a nested specific primer SP3 were used for a second PCR. The second PCR product 
was purified, ligated to pGEMT vector (Promega), sequenced and blasted with notch1a 
homologues of zebrafish. A new set of SP1, SP2 and SP3 primers were designed according to the 
new sequence obtained form the previous 5’-RACE. This process was repeated till reaching the 
5’-UTR of notch1b sequence. Primers used in 5’-RACE to clone notch1b full-length sequence are 
listed in Table 2.6. 
3’RACE was to amplify the unknown sequences at the 3’ end of the mRNA. cDNA was 
synthesized with oligo dT-anchor primer using 24 hpf zebrafish total RNA as template. A specific 
primer was designed according to the known zebrafish cntfrα sequence. The PCR anchor primer 
and 3’-RACE SP4 primer were used in the PCR reaction to amplify the cDNA. The PCR product 
was ligated to pGEMT vector, sequenced and blasted with cntfrα homologues in other species.  
Primers used in 3’-RACE to clone cntfrα full-length sequence are listed in Table 2.7. 
 
2.18 BrdU staining 
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After dechorination, embryos were transferred to BrdU solution (10 mM BrdU/ 15% 
DMSO) (SIGMA-ALDARICH) and left on the ice for 20 min. Later, embryos were washed 
intensively with egg water and fixed with 4% PFA overnight after 1 hour recovery in dark at 
28°C. After fixation, embryos were rinsed with PBST, then permeabilized with proteinase K (10 
µg/ml) (FINNZYMES) for 10-30 min, refixed with 4%PFA for 20 min, rinsed again with PBST 
and next H2O. Later, water was replaced with 2 N HCl and embryos were kept at room 
temperature for 1 hour. After that embryos was washed out intensively with PBST and 10% goat 
serum was added as blocking reagent. Embryos were then incubated overnight at 4°C with mouse 
anti-BrdU primary antibodies (Roche) at 1:200 dilution at 4°C overnight. The next day, embryos 
were washed in PBST buffer six times for 15 min each followed by incubation in Alexa Fluo 488 
goat anti-mouse (Molecular Probe) at 1:200 dilution at room temperature for 2 hrs . Embryos 
were then rinsed with PBST 6 x 15 min each and analyzed using a Zeiss fluorescence microscope 
(Carl Zeiss). Images were obtained using a Zeiss 510 confocal microscope.  
 
2.19 Cell death assay 
TUNEL was used to assess apoptosis. For TUNEL analysis, embryos grown to various 
developmental stages were fixed in 4% PFA overnight and stored in 100% ethanol. Embryos 
were then rehydrated in ethanol:PBS series(3:1, 1:1, 1:3), 5 min each at room temperature, 
following by 10 µg/ml proteinase K treatment, and refixed in 4% PFA for 20 min following by 
two times 10 min rinses in PBST. Next, embryos were subsequently placed in 100 µl equilibration 
buffer (Promega) for 10 min and later labeling solution containing 45 µl labeling solution, 5µl 
nucleotide mixture plus 1 µl rTdT enzyme (Promega) was added. After one hour incubation at 
37°C on the eppendorf shaker, embryos were washed with PBST two times 10 minute each to 
stop the reaction. Later, embryos were flatmounted and processed to confocal microscopic 
images. Optical sections were taken at 10 µm intervals using Zeiss 510 confocal microscopy. 
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2.20 Morpholino microinjections 
Morpholinos were designed to target the translation or block the intron-exon splicing. In 
order to sterically block the translation initiation complex, an oligo that targets sequence in the 
post-spliced mRNA in the region from the 5’cap to about 25 bases 3’ to the AUG translational 
start site was selected, while morpholinos targeted more than about 30 bases 3’ to the AUG 
translational start site do not appreciably block translation. Mopholinos can also block nuclear 
processing events, pre-mRNA processing in particular. Targeting an exon-intron boundary (splice 
donor) or intron-exon boundary (splice acceptor) usually results in deletion of the included exon. 
Using RT-PCR the products of morpholino-targeted mRNA processing events could be easily 
identified. Thus splice-blocking is the best method for using morpholinos if no antibodies have 
been produced to test the antisense effects. However, sometimes blocking an existing site 
activates a cryptic splice site, giving unpredictable results. The general guideline was no more 
than 4 continuous intra-strand base pairs. Also in order to increase the solubility, we chose 
sequence containing no more than 7 total guanines or 3 contiguous guanines in a 25-mer oligo. 
The morpholinos (Gene Tools) were dissolved in 1X Danieu’s buffer [58 mM NaCl, 0.7mM KCl, 
0.4 mM MgSO4, 0.6 mM Ca(NO3)2, 5.0 mM HEPES (pH7.0)] to give a final stock concentration 
of 5.0 mM as previously described (Nasevicius and Ekker, 2000). For injection, the morpholinos 
were diluted in 1X Danieu’s buffer at concentrations from 0.2 to 1.0 mM.  Embryos were injected 
using a pulled glass micropipette and a microinjector (ASI), into the yolk of one to four cell stage. 
We injected one to two nanoliters volume into each embryo. To reduce or eliminate nonspecific 
MO side-effects, we determined the highest dose for each MO that still yield ‘normal’ embryos 
and used these doses in pair wise-combinations to achieve synergistic effects. MO sequences are 
listed in Table 2.8 and Primers used for checking splicing products are listed in Table 2.9. 
 
2.21 Synthesis of 5’capped mRNA 
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Plasmids were firstly linealized with NotI enzyme. After purification 5’ capped mRNA 
was synthesized with mMESSAGE mMACHINETM Sp6 kit (Ambion). The typical reaction 
volume is 20 µl, containing 1 µg NotI linealized DNA, 2 µl 10X reaction buffer, 10 µl 2X 
NTP/Cap, 2 µl enzyme mix and nuclease free water. The reaction was incubated at 37°C for 2 
hours. After that, 1 µl RNase-free DNaseI (Roche) was added and mixed well. The tube was then 
incubated for 30 mins at 37°C. RNeasy purification columns (Qiagen) were used to recover of the 
RNA. RNA was co-injected with GFP mRNA into one cell at two to eight cell stage.  
 
2.22 DAPT treatment  
A 100 mM stock of DAPT (Calbiochem) in DMSO was diluted in embryo medium and 
applied to dechorionated zebrafish embryos at final concentration of 100 µM at 28.5°C. Control 
embryos were mock treated with embryo medium containing the same concentration of DMSO 
carrier only. After treatment, the embryos were fixed with 4% PFA overnight at 4°C and 
processed for in situ hybridization or immunohistochemistry. 
 
2.23 Heat shock induction 
Embryos were given heat-shock gradually for 1 hour at 39°C and later incubated at the 
normal temperature of 28.5°C for further development. The embryos were fixed after they 














Table 2.1 Primers used in CS2-myc or pGEX-wnt constructs. 
 









Table 2.2 List of molecular markers used in this study. 
 
Marker Vector Linearizing enzyme 
RNA 
polymerase Reference 
krox-20 pBluescript PstI T3 Oxtoby and Jowett, 1993 
zash1a pBluescript BamHI T7 Allende and Weinberg, 1994 
shh pBluescript HindIII T7 Krauss et al., 1993 
neurogenin 1 pBluescript BamHI T7 Korzh et al., 1998 
mfng pGEMT XbaI SP6 Qiu et al., 2004 
rfng pBluescript EcoRI T7 Qiu et al., 2004 
lfng pBluescript XbaI T7 Qiu et al., 2004 
deltex1 pCS2+ NcoI T7 Unpublished 
c-myc pBluescript EcoRI T3 Schreiber-Agus et al., 1993 
evx1 pGEMT NcoI SP6 Thaeron et al., 2000 
cntfrα pGEMT SacI SP6 Unpublished 
glyT1 pGEMT SacII T7 Cui et al., 2005 
tenascin C pGEMT NcoI SP6 Tongiorgi et al., 1999 
mib pCS2+ EcoRI T7 Itoh et al., 2003 
wnt1 pGEM4z EcoRI SP6 Lekven et al., 2003 
wnt4 pGEM4z EcoRV SP6 Ungar et al., 1995 
wnt10b pGEM4z  StuI SP6 Lekven et al., 2003 
p53 pCS2+ BamHI T7 Cheng et al., 1997 
mdm2 pCS2+ EcoRI T7 Thisse et al., 2000 
cyclinD1 pGEMT NcoI SP6 Amoyel et al., 2005 
cdkn1C pGEMT NcoI SP6 Amoyel et al., 2005 
her9 pGEMT SalI SP6 Leve et al., 2001 
 58
her4 pCS2+ BamHI T7 Takke et al., 1999 
deltaA pBluescript EcoRI T7 Haddon et al., 1998 
deltaB pBluescript EcoRI T7 Haddon et al., 1998 
deltaC pBluescript XbaI T7 Haddon et al., 1998 
deltaD pBluescript EcoRI T7 Haddon et al., 1998 
jagged2/serrateB pBluescript XbaI T7 Zecchin et al., 2005 
notch1a pBluescript BamHI T3 Bierkamp and Campos-Ortega, 1993 
notch1b pBluescript BamHI T3 Kortschak, 2001 
notch3 pBluescript BamHI T3 Kortschak, 2001 
foxb1.2 pBluescipt BamHI T7 Odenthal and Nusslein-Volhard, 1998 
huC pBluescript NcoI SP6 Kim et al., 1996 
islet-1 pBluescript XbaI T3 Inoue et al., 1994 
dachsous1a pGEMT * SP6 Unpublished 
dachsous1b pGEMT * SP6 Unpublished 
* using PCR product (amplified with T7 and SP6 primers) as template to synthesize probe. 
 
 
Table 2.3 Primers used in identifying hsp70:GAL4/+ and UAS:myc-notch1a-intra/+ 
transgenic line. 
 







Table 2.4 Primers used in RT-PCR for cloning of partial or full-length genes. 
 
Gene name Primer name Sequence Accession number 
glyT1 glyT1-for 5’-GCAGAAAGAATGGAGCAGTTCC-3’ NM_001030073 
 glytT1-rev 5’-TTCAATGTCGAGCCGTTGCTTCC-3’  
tenascin C Tenascin-for 5’-GGTACACGGAAGGGAATACGC-3’ NM_130907 






 wnt3a-r 5’-GCTCTAGATTACTTGCAGGTGTGAACATCG-3’  
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mfng mfng-5 5’-GCTCTAGATTACTACCATCCCTGCGTGCCAT-3’ NM_001007788 
 mfng-6 5’-GGAATTCGCAGTGAACTGTCCTGAAC-3’  
cyclinD1 cyclinD1-for 5’-AACAACAGTCACGTCATAGGGG-3’ NM_131025 
 cyclinD1-rev 5’-CATCACACACGAGATGAATAGC-3’  
cdkn1C p27Xic1a-for 5’-GCAAACGTGGACGTATCAAGC-3’ NM_001002040 
 p27Xic1a-rev 5’-GGGGCTGATGTATGTAAAGGT-3’  
dachsous1a dach-atg 5’-ATGGTGCCAGGAACATTGCAGC-3’ unpublished 
 dach-sp4 5--AGAGCCCAGAGAGTAAGAGA—3  
dachsous1b dachsous-2f2 5--GTTATGGTTAATGGTGAGGGC—3 unpublished 
 dachsous-3r 5--TATCATTCTCATCCGTCACTG—3  
 
 
Table 2.5 Primers used in functional studies of cntfrα morphants. 
 













Table 2.6 Primers used in 5’-RACE to clone full-length notch1b sequence. 
 





























Table 2.7 Primers used in 3’-RACE to clone full-length cntfrα sequence. 
 


















su(H) su(H)-ORF 5’-CAAACTTCCCTGTCACAACAGGCGC-3’ 5’AUG Sieger et al., 2003 
hdac1 hdac1 5’-TTGTTCCTTGAGAACTCAGCGCCAT-3’ 5’AUG Cunliffe, 2004 
cntfrα cntfr-1 5’-CAATGTTGGCCATCTGCGGAGACAC-3’ Splicing this thesis 
 cntfr-ATG 5’-AGAAGGACGTCACAATGTTGGCCAT-3’ 5’AUG this thesis 
notch3 notch3-MO-1 5’-AATGAATCGGCGATTGAAGCTCCAG-3’ 5’UTR Ma and Jiang, 2007 
 notch3-MO-3 5’-ATCAGTCATCTTACCTTCGCTGTTG-3’ Splicing this thesis 
notch1b notch1b-1 5’-TTAGTTTCACGAAGAAAAGATGCAT-3’ 5’AUG this thesis 
 notch1b-3 5’-CAGCCAAACGTACCTTGTGTCAAAG-3’ splicing this thesis 
nrarp-a nrarp-a 5’-GATGCTTCACACTGGGAGAAACTCG-3’ 5’AUG Ishitani et al., 2005 
nrarp-b nrarp-b 5’-ATGATTTCAGCAGGTTGACCAAACG-3’ 5’AUG Ishitani et al., 2005 
tcf3b tcf3b 5’-CGCCTCCGTTAAGCTGCGGCATGTT-3’ 5’UTR Dorsky et al.,2003 
frizzled 7b Fz7b +1+25 5’-GCCCAACTTCCCGTACCGCCATCAT-3’ 5’UTR  this thesis 
 
 
Table 2.9 Primers used for checking splicing products. 
 
Gene name Primer name Sequence 
notch1b notch1b-for-MO 5’-TCTATCCTTCATACTGACGTGC-3’ 
 notch1b-rev-MO 5’-AGTTGTGGATGCTGGTGAGTTC-3’ 
notch3 notch3-for-MO 5’-TGGAGGTATTTCGAGACGCACG-3’ 
 notch3-rev-MO 5’-ATTTTCGCACGGCCTGTGTGTATC-3’ 
cntfrα cntfr-for 5’-GCCTTTGCTTGAGACACACATAC-3’ 
 cntfr-rev-1320 5’-CCACAGGAATGAAGCTCACAC-3’ 
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Table 2.10 Function of the markers and antibodies used in this thesis. 
 




huC Pan-neuronal marker  
rfng, her9, erm, rfx2, pax6, glyT1, foxb1.2 Rhombomere boundary marker 
her4 Notch activation read-out 
cylinD1 Required for cell cycle progression 
cdkn1C Cyclin-dependent kinase inhibitor 
tenascin-C Extracellular matrix marker 
vimentin, gfap Intermediate filament marker 
islet-1 Primary motor neuron marker 
n-cadherin Neural cell adhesion marker 
evx1 Interneuron marker 
p53, mdm2, bax, p21 Components in the p53-pathway 
Name of antibodies  Function 
ACT Axon scaffold marker 
Zrf-1 Radial glial marker 
Zn-8 Commissure neurons located at the rhombomere 
boundaries 
RMO44 Recticulospinal neurons located in the rhombomere 
centers 
Anti-PH3 Mitotic cell marker 




















Chapter 3  
Notch activation is required for the rhombomere boundary maintenance 
 
3.1 Summary 
During the central nervous system development, hindbrain will be subdivided into seven 
rhombomeres and the interface between two rhombomeres is called rhombomere boundary. In 
1996 genetic screening mib mutant has been identified and displayed rhombomere boundary 
defects. Further positional cloning has revealed that it encodes an E3 ligase in the Notch signaling 
pathway. Recently, it has been suggested that Notch activation is required for the regulation of 
cell affinity properties that segregate cells to boundaries. But the detailed mechanism remains to 
be further explored. In Drosophila, fringe, has been proved to be involved in the dorsal/ventral 
wing disc boundary formation. Similarly, we identified a zebrafish rfng and showed that it was 
expressed in the rhombomere boundaries. By analyzing the cellular changes between mib and 
wild-type embryos, we demonstrated that mibta52b mutant displayed more severe rhombomere 
boundary defects when compared to mibtfi91 mutants and the disruption in mibta52b mutants was 
progressive. In addition, su(h)-MO injection results indicated that disruption of rhombomere 
boundaries was Su(H)-dependent and dosage-dependent. We further employed a 
Tg:(hsp70l:XdnSu(H)myc) zebrafish line and showed that Notch activation was not required for 
the boundary maintenance after 8 s stage. Blocking cell mitosis with aphidicolin revealed that 
reduction in cell proliferation did not account for the loss of rhombomere boundaries in mibta52b 
mutants. By contrast, hdac1- and nrarp-MO injection results suggested that the delayed 
neurogenesis was required for the maintenance of boundary cells. Thus we proposed that Notch 
signaling maintained the rhombomere boundaries through inhibition of neurogenesis in the 
boundary cells and a gross reduction in the Notch activation in the hindbrain was required for the 




3.2.1 rfng is expressed in the rhombomere boundaries  
Fringe is a glcosyltransferase and is required via Notch activation for expression of an 
Ap-dependent affinity difference in Drosophila (Milan and Cohen, 2003). Similarly, in chick rfng 
is showed to be expressed in the apical ectodermal ridge and is implicated in the D/V limb 
boundary formation (Rodriguez-Estedban et al., 1997). In order to find out whether similar Notch 
pathway component is used in the zebrafish rhombomere boundary formation, therefore, we tried 
to clone the zebrafish fringe homologues. Three fringe homologues have been identified in our 
laboratory and only radial fringe (rfng) displayed high expression level in zebrafish rhombomere 
boundaries at 24 hpf (figure3.1). Sequence alignment revealed 59%, 59% and 57% identity at 
amino acid level between Rfng proteins of zebrafish and Xenopus, human, and mouse. Although 
RT-PCR results revealed that rfng was maternally expressed, we could only detect the expression 
in hindbrain region as early as 13 s (fig. 3.1A,I). Later the expression of rfng was progressively 
refined in the rhombomere boundaries from 13s to 24 hpf (fig. 3.1B,D,E). By 24 hpf, 6 stripes of 
rfng expression could be clearly identified in the wild-type embryos. rfng was also detected in the 
adaxial cells from tail bud stage, and later segmentally expressed in the somite region (fig. 3.1C). 
Besides, by 24 hpf rfng was also expressed in the tectum (fig. 3.1F). By contrast, no manic fringe 
(mfng) staining was detected in the rhombomere boundaries and only weak expression was 
detected near the otic vesicle by 30hpf (fig. 3.1G). Although lunatic fringe (lfng) expression 
could be easily detected in the hindbrain by 17s stage, no elevated expression level could be 
observed in the rhombomere boundaries and the expression between r5 and r6 was much weaker 
than the other part of hindbrain region (fig. 3.1H). With regards to the distinct expression pattern 
and its relationship with Notch signaling, we proposed that Notch signaling might play a role in 
the rhombomere boundaryformation via Rfng. 
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3.2.2 mibta52b mutants display more severe rhombomere boundary defects than mibtfi91 
mutants. 
Early studies have revealed that mibta52b mutants displayed rhombomere boundary defects 
by 26 hpf (Jiang et al., 1996) and in our laboratory several mib alleles have been identified and 
well characterized (Zhang et al., 2007a). Among them, mibta52b displayed more severe neurogenic 
phenotype than mibtfi91. To address whether neurogenic effects have any relationship with the 
severity of the rhombomere boundary disruption, it was therefore of interest to investigate the 
severity of rhombomere boundary defects in different mib alleles. In situ hybridization analysis 
for expression of rfng revealed that the rhombomere boundaries were all affected in these two 
alleles (fig. 3.2G-I). In wild-type embryos, the expression of rfng was restricted in the 
rhombomere boundaries (fig. 3.2G), whereas in mibta52b mutants, the expression level of rfng was 
down-regulated and in r4/5 and r5/6 almost all expression was lost (fig. 3.2I). In contrast to 
mibta52b mutant embryos, only lateral part of rfng expression was missing in mibtfi91 mutants (fig. 
3.2H). As it has been shown that rhombomeres are maintenained as lineage-restricted 
compartments (Xu et al., 1999) and distinctive cellular morphology can be observed in the 
successive rhombomere boundaries (Moens et al., 1996), we next examined the cellular changes 
in hindbrain region in different mib mutants. Bodipy-ceramide labeling outlined cell contours and 
revealed the polarized and elongated epithelial structure of cells in the wild-type hindbrain (fig. 
3.2A,D). In mibta52b mutants, neuroepithelial cell organization was abnormal and cells were 
frequently rounder and also presented in aggregates separated by large intercellular spaces (fig. 
3.2C,F). These aggregates often organized into rosettes that appeared to cavitate and enclose a 
central lumen. In mibtfi91 mutants, the cellular shape appeared normal in the medial part of the 
hindbrain whereas the cellular space was increased in lateral part cells and cells also lost their 
epithelial shape (fig. 3.2B,E). These observations implied that the neuroepithelial cell polarity and 
cell adhesion were affected to variable extent in different mib mutants. Therefore, we confirmed 
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that the disruption of rhombomere boundary in mibta52b mutants was more severe than that in 
mibtfi91 mutants, similar to the neurogenic and somite phenotypes (Zhang et al., 2007a). 
     
3.2.3 Progressive cellular changes within rhombomeres in mibta52b mutants 
So far, we have proved that different mib alleles displayed rhombomere boundary defects 
to different extent. Next we tried to find out whether the loss of rhombomere boundaries was due 
to the failure of initiation or failure of maintenance. Recent studies have demonstrated that Notch 
activation is not sufficient for rhombomere boundary cell specification and loss of Mib function 
does not affect the initiation of rhombomere boundaries (Cheng et al., 2004). We provided further 
evidence to confirm that in mibta52b embryos the boundaries were initiated despite the block of 
Notch activation. In mibta52b mutants at 17 s elongated epithelial cellular shape could be clearly 
identified and no obvious morphological difference between wild-type and mutant embryos could 
be detected in the hindbrain (fig. 3.2J,K). However, by 22 hpf quite a few round cells were 
present and boundary cells could not be distinguished from non-boundary cells in mibta52b mutants 
(fig 3.2M, compared to the control in L). In addition, we identified that the cellular changes was 
most dramatic in r5. In consistent with this, we checked the ngn1 expression changes in mibta52b 
mutants and found overpopulation of ngn1-positive cells in r5 region, suggesting that loss of r4/r5 
and r5/r6 boundaries are correlated with the strong neurogenic phenotype in r5 region (fig. 
3.2O,P).  
 
3.2.4 Cell adhesion and Wnt signaling are affected differentially in mibtfi91 and mibta52b 
mutants 
We showed above that mibta52b had stronger boundary defects than mibtfi91 mutants and the 
cell polarity change was more obvious. Next we tried to answer what are the possibilities 
accounting for the different severity in mibtfi91 and mibta52b mutants. Tenascin-C belongs to a 
family of extracellular matrix glycoproteins and it is suggested to function in the consolidation of 
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different regional identities (Tongiorgi et al., 1995). We found out that the changes in tenascin-C 
was minor in mibta52b mutants by 15 s stage (fig. 3.3A,D) and almost no change in mibtfi91 
mutants, indicating that the change of extracellular matrix could not be the main reason resulting 
in the change of cell polarity.  By contrast, we detected changes of expression levels of N-
cadherin. N-cadherin is a neuroectoderm cell adhesion molecular and loss of N-cadherin causes 
altered neuroepithelial structure (Lele et al., 2002). We therefore examined n-cad expression 
changes in mibta52b and mibtfi91 mutants. By 15 s stage, decrease could be detected in the mibta52b 
mutant (fig. 3.3E, compared with control in fig. 3.3B). However, in contrast to mibta52b, we failed 
to detect obvious changes in mibtfi91 mutants even by 22 hpf (fig. 3.3F, compared with control in 
fig. 3.3C).  
As described before, knock-down wnt1 studies have suggested that Wnt1 regulates 
proneural and delta gene expression in non-boundary regions in the zebrafish hindbrain and this 
interaction mediates lateral inhibition and prevents the spreading of hindbrain boundaries 
(Amoyel et al., 2005). Therefore we speculated that Wnt signaling was impaired differently 
between mibta52b and mibtfi91. We compared the wnt1 and wnt10b expression changes and found 
that both were greatly reduced in mibta52b mutants (fig. 3.3H,K). However, surprisingly we found 
that the expression level of wnt1 and wnt10 in mibtfi91 was similar to wild-type embryos (fig. 
3.3G,I,J,L). This suggested that different impairment on Wnt signaling and loss of n-cad at least 
partially accounted for the difference of rhombomere boundary disruption between mibta52b and 
mibtfi91.  
 
3.2.5 Cell proliferation is reduced in mibta52b mutants, while inhibition of cell proliferation in 
wild-type embryos did not result in boundary defects 
Form the above observations, we knew that loss of rhombomere boundaries were due to 
the failure of maintenance. However, we still did not know what is reason resulting in the 
disruption of rhombomere boundaries in mibta52b mutants. In order to answer this, we first tried to 
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find out whether the cell proliferation rate was reduced in mibta52b mutants. In mibta52b mutants at 
15 s stage, no obvious difference in proliferation rate or distribution could be detected by 
immunostaining of phosphorylated histone H3 (PH3) (fig. 3.4A,A’). By contrast, by 20 hpf the 
number of mitotically active cells was reduced, especially obvious in r4 and r5 region (fig. 
3.4B,B’). By 22 hpf, the inhibition was extended to the whole hindbrain (fig. 3.4C,C’). We 
further compared the number of PH3-positive cells in the hindbrain between wild-type and 
mibta52b mutants (n=4). At 15 s stage, the number of PH3 positive cells in wild-type embryos is 
59.5+1.73, while in mibta52b mutants the number is 56.5+2.88. However, the number was 
significantly reduced by 20 s and 22 hpf in mibta52b mutants when compared to wild-type embryos 
(26.75+2.75 compared with 40.75+1.65 in embryos at 20 s; 32.25+4.57 compared with 61.5+0.64 
in embryos at 22 hpf). In addition, while PH3-positive cells were normally restricted to the 
ventricular zone of the hindbrain, the distribution of mitotic cells in mib was randomized. Using 
BrdU staining technique, we further verified that the cell proliferation is decreased in mibta52b 
mutants (fig. 3.4D,D’). In order to ask whether the reduced level of proliferation was significant 
for the disruption of rhombomere boundaries, we inhibited cell proliferation by treatment with 
aphidicolin, which can bind to the DNA polymerase and block DNA synthesis (Harris and 
Hartenstein, 1991). Inhibition extended from 16hpf, after boundary initiation, through 24 hpf. 
This treatment resulted in reduction of cell proliferation (fig. 3.4E,F). However, the rfng 
expression remained unchanged (fig. 3.4G,H). We also asked whether cell death was correlated 
with the disappearance of rhombomere boundaries. Using TUNEL staining in whole-mount wild-
type and mibta52b embryos, no difference could be detected (C.-H.Lim, unpublished). These 
results indicate that the cell death and decreased cell proliferation and unlikely account for the 
disruption of rhombomere boundaries in mibta52b mutants. 
 
3.2.6 Influence of neurogenesis on rhombomere boundary maintenance 
3.2.6.1 Nrarp-deficient embryos have more boundary cells 
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To gain insight into the potential role of neurogenesis on rhombomere boundary 
maintenance, we examined the expression of boundary marker rfng in Nrarp-deficient embryos. 
Two Nrarp gene homologues, nrarp-a and nrarp-b, have been identified in the zebrafish 
(Topczewska et al., 2003) and both were expressed strongly in the hindbrain at 20 s stage (fig. 
3.5D,E). As Nrarp has been characterized as a negative regulator of Notch signaling (Lamar et al., 
2001; Ishitani et al., 2005), we tried to inject nrarp-a or nrarp-b MO into the wild type embryos. 
However, we failed to detected obvious marker expression changes in single MO injected 
embryo. However, we found out that coinjecting nrarp-a and nrarp-b resulted in the reduction of 
ngn1 expression (n=26/26) (fig. 3.5C1,F). Also we noticed that, in embryos coinjected with 
nrarp-a and nrarp-b, cells expressing boundary marker rfng were increased dramatically 
(n=32/33) (fig. 3.5A1,G). This raised the possibility that the appearance of more boundary cells 
could be associated with the delay of the neuron precursor cell formation.  
 
3.2.6.2 hdac1-MO can rescue the boundary defects in mibta52b mutants 
Notch signaling is essential for proper transcriptional activation of many E(spl) genes 
during neurogenesis  and prior to the induction CBF1/RBP-Jκ interacts with a co-repressor 
complex containing SMART and Hdac1 (Chitnis and Dawid, 1999). in vivo studies indicate that 
hdac1 is required to repress Notch target gene expression during zebrafish neurogenesis and loss 
of hdac1 results in the accumulation of proliferating neural precursors (Cunliffe, 2004). To 
determine whether Hdac1 function is required for the repression of rhombomere boundary 
markers in mibta52b mutants, rfng expression was analyzed in mibta52b mutants under conditions 
where levels of hdac1 activity were either unperturbed or reduced by hdac1-MO microinjection. 
rfng expression level was significantly reduced in mibta52b mutants (fig. 3.5A2), confirming that 
Notch signaling was required for the maintenance of rhombomere boundaries. In sharp contrast, 
microinjection of hdac1-MO into mibta52b mutant (n=20/20) or sibling embryos (n=41/41) caused 
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a great expansion of boundary markers (fig. 3.5A3,A4). Therefore it confirmed that hdac1 did 
indeed act as a repressor of rfng expression in rhombomere boundaries. 
 Next we asked whether it was due to the blockage of neurogenesis that led to the 
expansion of boundaries markers. In previous study of delta gene regulation (Haenlin et al., 1994, 
Amoyel et al., 2005), it suggested that delta gene expression has a close relationship with the 
expression of proneural genes. At 24 hpf, deltaA was expressed in the rhombomeres except the 
boundary cells, with stronger expression seen at lateral locations (fig. 3.5B1). In mibta52b mutant, 
there was an overproduction of early-born neurons and a concomitant reduction in the number of 
later-born neurons (Jiang et al., 1996). Therefore when deltaA and ngn1 were used as neurogenic 
markers, we detected that both were overexpressed in mibta52b mutants at 24 hpf (fig. 3.5B2,C2). 
As in mibta52b mutants r5 was the place where neurons are differentiated much earlier than other 
rhombomeres (fig. 3.2P), thus, it was not surprising to find out that the population of deltatA- or 
ngn1-positive cells in r5 was barely observed by 24 hpf. As found in both embryos and mibta52b 
mutants injected with hdac1-MO, deltaA expression was reduced to a great extent except in r4 
region (n=24/25, 18/18 for B3 and B4 respectively) (fig. 3.5B3,B4). Similar results attained by 
using ngn1 marker (n=36/38, 7/7 for C3 and C4 respectively) (fig. 3.5C3,C4). These results indicate 
that upon inhibition of neurogenesis, more non-boundary cells are converted into boundary cells. 
 
3.2.7 Disruption of rhombomere boundaries is Su(H)-dependent and dosage-dependent  
Studies in Drosophila and vertebrates have revealed the existence of a CSL-independent 
Notch signaling and it required a cytoplasmic ring finger protein, Deltex (Le Borgne et al., 2005). 
Therefore we tried to determine whether the involvement in the rhombomere boundary 
maintenance is via Su(H)-dependent or Su(H)-independent Notch activation. To address this issue 
we injected su(H)-MO into wild-type embryos and checked the hindbrain development of 
knockdown embryos. In addition to the loss of all somites posterior to the first five to seven 
somites (Sieger et al., 2003), an irregular hindbrain morphology was observed (fig. 3.6A). 
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Moreover, in 0.2 pmol su(h)-MO injected embryos, rfng expression was greatly reduced and was 
barely detectable in r4/r5 and r5/r6 boundaries (n=36/38) (fig. 3.6C, compared to the control B). 
In mibta52b mutants the expression of cdkn1C, which mediates Cdk (cell division kinase) 
inhibition and cell cycle exit in neuroblasts, was highly activated (n=22/22) (fig. 3.6E, compared 
to the control D). Similarly, as we expected, a major increase of the number of cdkn1C expression 
cells were detected in su(h)-MO injected embryos, revealing neurogenic phenotype in su(h)-MO 
injected embryos (fig. 3.6F). Taken together, the results of marker analysis indicate that the 
involvement of Notch activation in rhombomere boundary maintenance is via Su(H)-dependent, 
and depletion of boundary cells is correlated with the overproduction of neurons at early stage.  
While mutation in deltaC (beamter), deltaD (after eight) and notch1a (deadly seven) only 
result in weak neurogenic phenotype (Jülich et al., 2005; Holley et al., 2000; Gray et al., 2001), 
strong neurogenic phenotype is detected in mib mutants with a concomitant loss of rhombomere 
boundaries. To test the dosage effect of Notch activation on the maintenance of rhombomere 
boundaries, we injected 0.1 pmol and 0.5 pmol su(h)-MO into wild-type embryos and compared 
their different effects on the disruption of rhombomere boundaries. Under both conditions, 
boundaries could be easily identified at 17 hpf (fig. 3.6G,H). This suggested that the initiation of 
rhombomere boundaries was not affected in embryos injected with either dosage of su(h)-MO. 
However, by 22 hpf serious cellular shape changes were observed in r4 and r5 region and the 
interstitial space in the lateral part of the hindbrain increased (fig. 3.6I,J).  Furthermore, the 
change in 0.5 pmol su(h)-MO-injected embryos was more obvious than that in 0.1 pmol su(h)-
MO injected embryos. Next we fixed embryos injected with 0.1 pmol or 0.5 pmol su(h)-MO at 
different time point and processed for foxb1.2 in situ hybridization (fig. 3.7A.I-C.III, table 3.1). 
foxb1.2 is also a boundary marker and has been shown to be expressed in high level at the 
rhombomere boundaries (Amoyel et al., 2005). While 17/30 embryos displayed wild-type like 
expression pattern in 0.1 pmol su(h)-MO-injected embryos at 21 hpf, the expression was altered 
 72
in all the embryos injected with 0.5 pmol su(h)-MO. Moreover, as we expected, by 26 hpf the 
expression of foxb1.2 was down-regulated in embryos injected with either 0.1 pmol or 0.5pmol 
su(h)-MO. Nevertheless, the severity of the foxb1.2 expression changes in these injected embryos 
at 26 hpf was stronger than that of mibtfi91 mutants and was comparable to that of mibta52b mutants 
(fig. 3.7E,F). Thus, these observations suggest that the severity of the disruption in rhombomere 
boundaries in su(h)-MO-injected embryos is dosage-dependent.  
 
3.2.8 Overexpression of dn-xSu(H) by heat shock beginning at tail bud to 8s stage results in 
rhombomere boundary disruption 
To identify the temporal requirement of Notch activation in the rhombomere boundary 
maintenance, we used two approaches. Firstly, we tried to apply DAPT, a γ-secretase inhibitor, to 
embryos at different stages. Unfortunately, even in embryos incubated with DAPT beginning at 2 
hpf, we could only detected neurogenic phenotype and no boundary defects has been detected by 
using rfng as boundary marker. Even the severity of neurogenic phenotype was mild when 
compared with mib mutants. Therefore, we suspected that DAPT was not a good way for our 
purpose and tried to use Tg(hsp70l:XdnSu(H)myc)vu21 line to conditionally block Notch signaling. 
Heat shock beginning at 8 h to15 s stage produced neurogenic phenotype similar to the Notch 
deficient embryos by checking huC expression level (n=9/9, 16/16, 10/10 and 9/9 for embryos 
heat shock beginning at 8 h, tail bud (TB), 8 s and 15 s stage respectively) (fig. 3.8B,E,H,K,N). 
However, when we investigated more carefully, we found that embryos heat-shocked at TB 
(n=8/8) and 8 s stage (n=6/6) resulted in more significant reduction in her4 expression than 
embryos heat-shocked either at 80% epiboly (n=7/7) or 15 s stage (n=9/9) (fig. 3.8F,I,L,O). These 
results suggested that Notch activation was blocked to greater extent in embryos heat-shocked at 
tail bud and 8 s stage. Consistently, the rfng expression was attenuated significantly in embryos 
heat shock at either stages, indicating the block of Notch activation starting from tail bud to 8 s 
stage was enough to disrupt the boundaries by 24 hpf (n=10/10, 11/11 for G and J respectively) 
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(fig. 3.8G,J). However, we noticed that while the boundary markers were still clearly visible in 
embryos heat shocked at 80% epiboly, r5 was expanded significantly at the expense of r6 (n=9/9) 
(fig. 3.8D). We repeated 2 times and each time similar results were obtained. Embryos heat-
shocked after 15 s stage could only produce neurogenic phenotype and the boundary marker were 
robustly expressed as wild-type embryos (n=23/23) (fig. 3.8M).  
 
3.3 Discussion 
Rhombomere boundary cells could be easily identified at 17 hpf in su(h)-MO-injected 
embryo or mib mutants. Therefore we argued that Notch activation was unlikely required for the 
initiation of rhombomere boundaries. Consistent with this, weak rfng expression was detected in 
the rhombomere boundaries in mib mutants at 16.5 hpf (Cheng et al., 2004). However, some 
residual Notch activation could be observed in mib mutants or su(h) morphants by using her4 as a 
Notch activation target genes. Thus it remains possible that Notch activation can be involved in 
the initiation of boundaries as well. Movies on zebrafish rhombomere boundary formation have 
revealed that the boundaries are neither formed at one time nor are they formed like the budding 
of somites. Concurrently we found that the disruption of rhombomere boundaries happened 
progressively. r4/5 and r5/6 boundaries tended to be the earliest affected boundaries and the 
medial part of hindbrain boundaries was more stable than the lateral part. 
There are several interpretations for the different severity between mibta52b and mibtfi91 
mutants. Recent reports have shown that Mib can interact with Mib2 and injecting mib2-MO can 
further enhance the mibtfi91 phenotype (Zhang et al., 2007a). Our results suggested that in addition 
to Mib2, Wnt signaling was affected differently in these two alleles. In mibta52b mutant we 
observed that wnt1 expression was disorganized while in mibtfi91 mutant the wnt1 expression 
pattern was still similar to that of wild-type embryos. Thus we speculated that Wnt signaling was 
disrupted to a great extent in mibta52b mutant. Loss of Notch activation together with the reduction 
of Wnt signaling results in the severe disruption in rhombomere boundaries in mibta52b. Moreover, 
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we observed that n-cad was more significantly reduced in mibta52b mutants and this might 
partially answers why cellular shape changes in mibta52b was more severe when compared to the 
mibtfi91 mutants. However, it remains unanswered why the medial part of rhombomere boundary 
is more robust than in the lateral part.  
This raised an important question: how are the boundaries lost. One possible explanation 
is that loss of cell identity cause the intermixing of different rhombomere cells and hence the 
boundary cells can not be distinguished. However, the expression of krox-20 is still very 
prominent at 20 hpf and is only greatly reduced by 24 hpf (Bingham et al., 2003). Yet the 
boundary cells start to be lost from 17 hpf in mibta52b mutants. In mibtfi91 mutants, krox-20 
expression is normal at 24 hpf and therefore a change in the cell identity is less likely to account 
for the disruption of rhombomere boundaries in the lateral part. An alternatively possibility is that 
it is due to the premature neuronal differentiation in non-boundary cells and later the boundary 
cells are forced to differentiate into neurons instead of maintaining their non-differentiating cell 
fate. Detection of a pan-neuronal marker huC, reveals that ectopic neurogenesis in 24 hpf 
embryos fills nearly entirely the whole hindbrain in mibta52b mutants (Cheng et al., 2004). Also we 
found that the transcript of deltaA was increased to a great extent in r5 region at 17 hpf in mibta52b 
mutant. This is consistent with the earliest loss of boundary in r4/5 and r5/r6 region. Another 
evidence for this is that in wild-type embryos, the majority of the cellular shape is elongated and 
epithelialized, while in mib mutants the percentage of round cells increases to a great extent in r5 
from 17 hpf. 
In cultured mammalian cells, it has been found that the Su(H) orthologue CBF1 bound 
the Hdac1-containing SMRT complex (Kao et al.,1998). Studies in zebrafish further reveal that 
hadc1 is required for repression of Notch targets and in hdac1 mutant hindbrain the abundance of 
ash1b and ngn1 transcripts is dramatically reduced at 26 hpf (Cunliffe, 2004). Therefore, if we 
inhibited the neurogenesis in the mib mutants, we should be able to stop the neuron 
prematuration. Moreover, as boundary cells are themselves neural progenitors with delayed 
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differentiation, loss of hdac1 in mib mutant should switch more non-boundary cells to boundary 
cells. Indeed we observed that more boundary cells were formed in both hdac1-MO injected 
wild-type and mib mutants. Moreover, our nrarp-a and nrarp-b-MO knock-down experiments 
further support that activation of Notch signaling can delay the neuron differentiation and hence 
switch non-boundary cells into boundary cells. 
In mib mutants we observed reduced cell proliferation in the hindbrain region from 19 
hpf and this deficit may be one of the reasons that results in the disruption of hindbrain 
boundaries. However when we blocked the cell proliferation in wild-type embryos we found the 
expression of boundary marker was normal. Also the cell death in mib mutants at 24 hpf is 
comparable to that in wild-type embryos (C.-H., Lim, unpublished). Therefore we hypothesize 
that cell proliferation is not required for boundary maintenance.  
In notch1a and deltaC mutants only mild neurogenic phenotype is observed, whereas in 
mib mutants strong neurogenic phenotype is detected accompanying with the disruption of 
rhombomere boundaries. Thus it raises one question whether the maintenance of rhombomere 
boundaryis dependent on the dosage of Notch activation. Previous reports have indicated that 
her4 can be used as Notch activation readout and we found the expression of her4 was almost 
normal in notch1a mutant while in mib mutants the expression was almost disappeared. In 
addition her4 expression level was higher in mibtfi91 mutant than that in mibta52b mutant. 
Consistent with this, the boundary disruption in mibtfi91 is milder than that in mibta52b mutants. 
Furthermore, when we injected different dosage of su(h)-MO, different boundary defects were 
detected correspondingly: the higher one the dosage injected, the more severe defect was 
observed. Thus we propose that not only Notch activation can influence the maintenance of 
rhombomere boundaries through the control of neurogenesis but also the severity of the defect 
depends on the degree to which the Notch signaling is compromised. While slightly loss of Notch 
activation can only lead to a mild neurogenic phenotype, decrease in Notch activation to a critical 
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point can lead to both neurogenic phenotype and boundary disruption at the same time. 
Nevertheless it is still difficult for us to decide the threshold level. 
Our heat shock results further confirm that the rhombomere boundary maintenance is via 
Su(H)-dependent Notch activation. Cells lost sensitivity to the loss of Notch activation at 15 s 
stage. However, we still can not explain why boundaries are still maintained in embryos heat-
shocked earlier than tail bud stage. One possible reason could be due to the instability of the 
induced protein, which is not functionally present at the later stages to deplete Notch activation. 
Another reason is that over-expressed dominant-negative form of Su(H) might interplay with 
other signaling pathway at early stage and leads to unknown effects. 
In Drosophila it was found that there are Su(H)-dependent Notch signaling pathway and 
Deltex-dependent Notch signaling pathway. In zebrafish, restoration of high level of Notch 
activation by mosaic expression of dominant-active form of Su(H) in mib mutants can rescue the 
boundary defect (Cheng et al., 2004). Together with our data that injection of su(h)-MO in wild-
type embryos can cause similar boundary defects while deltex1-MO injected embryos did not 
results in boundary marker expansion or loss (unpublished data), we propose that Notch 
activation in the maintenance of boundary cells is mainly through Su(H)-dependent pathway. As 
we can not completely block translation by injection of deltex1 AUG morpholino (unpublished 









Figure 3.1 Gene expression pattern of rfng, mfng and lfng. (A-F) In situ hybridization to detect rfng in wild-type 
embryos at 13 s (A), 19 s (B), 12 s (C), 24 hpf (D-F). Note that rfng can also be detected in the dorsal part of the tectum 
at 24 hpf (F) in addition to  the rhombomere boundaries (D, E). In E, cells expressed deltaA (red colour) are located to 
the non-boundary region, whereas cells expressing rfng (blue colour) are located in the rhombomere boundaries. (C) 
Brackets mark the segmental rfng expression domain, which appears in and aterior to the SIII somite (the third most-
recently formed somite). (G) mfng is expressed in the otic vesicle at 30 hpf. (H) lfng is present in high level at r1 to r4 
part, and in low level at r5 and r6. (C) Transverse section. (A-E, G-H) Dorsal views with anterior to the left. (I) RT-
PCR shows that rfng is expressed maternally (0-2 hpf and zygotically. cyclinB1 was used as loading control. (+) 





Figure 3.2 Disruption of hindbrain rhombomere boundaries in mib mutants. (A-F, J-M) Confocal microscopic 
cross sections at hindbrain levels by using bodipy ceramide staining technique; wild-type sibling at (A) 24 hpf, (D) 32  
hpf, (J) 17 hpf and (L) 22 hpf; mibtfi91 mutants at (B) 24 hpf and ( E) 32 hpf; mibta52b mutant at (C) 24 hpf, (F) 32 hpf, 
(K) 17 hpf and (M) 22 hpf. Yellow arrows indicate ectopic lumina in dorsal rosette-like structures in mib mutants. 
Rhombomere boundaries are marked with white arrowheads. Note that in mib mutants the cellular shapes are irregular, 
while in wild-type sibling cells are polarized and elongated. (G-I) In situ hybridization of rfng in wild-type (G) and mib 
mutants (H, I). (G) rfng is strongly expressed at rhombomere boundaries at wild-type embryos at 24 hpf. (H) In mibtfi91 
mutant expression of rfng remains intact in the medial part of the boundary and disappears in the lateral part. (I) In 
mibta52b mutant no rfng transcripts can be detected at the r4/5 and r5/6 boundary and is present at lower levels in the 
remaining boundaries. (K) Majority cells in mibta52b display elongated epithelial structure at 17 s (K) and rhombomere 
boundaries are still visible. (M) Rosette-like structure can be found at 22 hpf and the boundary cells are hard to identify 
at this stage. ot, otic vesicle. (O, P) Expression of ngn1 in wild-type (O) and mibta52b embryos. Note that in mibta52b 
mutants the expression level of ngn1 is strongly induced, especially in the r5 region (arrow). All the images are dorsal 





Figure 3.3 tenascin-C, n-cad, wnt1 and wnt10b expression changes in mibta52b and mibtfi91 mutants. (A, D) tenascin-
C in situ hybridization. (A) Wild-type control at 15 s stage. (D) Expression of tenascin-C in mibta52b mutant is slightly 
decreased comparing to wild-type embryos. (B-F) n-cad in situ hybridization, embryos in (B, E) at 15 s stage, (C, F) at 
22 hpf. Note that n-cad expression level is reduced in mibta52b mutants at 15 s stage, whereas no big difference can be 
observed in mibtfi91 mutants at 22 hpf. (G-L) Expression of wnt1 (G-I) and wnt10b (J-L) at 24 hpf.  (H, K) wnt1 and 
wnt10b expression is reduced and the pattern is also disorganized in mibta52b mutants. Note that high expression level in 
the rhombomere boundaries (arrowhead) can be identified in wild-type embryos. (I, L) mibtfi91 mutants show a normal 
expression of wnt1 and wnt10b expression as that in wild-type embryos. All the panels are dorsal views with anterior 















Figure 3.4 Inhibition of cell proliferation in the hindbrain of mibta52b mutants. (A, B, C) Wild-type sibling and (A’, 
B’, C’) mibta52bmutant embryos between 15 s to 22 hpf. Dorsal views of hindbrains from embryos at (A, A’) 15 s stage, 
(B, B’) 20 s stage and (C, C’) 22 hpf, immunostained for the mitosis marker phospho-H3. Anterior is towards the left in 
all the panels. (A, A’) At 15 s there are comparable mitotic cells between wild-type sibling and mibta52b mutants. (B, B’) 
At 20 s there are substantially fewer mitotic cells in the r4 and r5 region of mibta52b mutants than in the hindbrain of 
sibling embryos. (C, C’) By 22 hpf, the number of mitotic cells are decreased in the whole hindbrain of mibta52b 
mutants. Predicted r4 and r5 region in (B,B’,C,C’) by using otic vesicle as a marker are demarcated by dash lines. (D, 
D’) Brdu staining of wild-type and mibta52b mutant embryos at 25 hpf. Note that less number of Brdu positive cells is 
detected in mibta52b mutants (D’), comparing to wild-type siblings (D).  (E-H) Maintenance of rhombomere boundaries 
after inhibition of cell proliferation by apidicolin treatment. (G) Wild-type sibling and (H) embryos treated with 
aphidicolin from 16 s stage are fixed at 24 hpf for cell proliferation test. (H) In situ hybridization of rfng in the same 
batch of aphidicolin treated embryos. Note that expression of boundaries marker is present as that of wild-type embryos 
(G) despite the reduction of cell proliferation. (I) PH3-positive cells are expressed in average+standard deviation 
format. Number of wild-type embryos counted=4; Number of mibta52b  embryos counted=4. The region where the PH3-
positive cells were counted are illustrated in area (A,A’,B,B’,C,C’). Note that there is no big difference in the number 
of PH3 positive cells between wild-type and mibta52b  mutants at 15 s stage, whereas there is a significant reduction in 




Figure 3.5 Inhibition of neurogenesis promotes the expansion of rhombomere boundaries. In situ hybridization 
analysis of rfng expression (A1-A4), deltaA expression (B1-B4) and ngn1 expression (C1-C4) in 24 hpf embryos. (A1, 
B1, C1) Wild-type siblings, (A2, B2, C2) mibta52b homozygous mutant embryos, (A3, B3, C3) wild-type siblings 
injected with hdac1-MO, (A4, B4, C4) mibta52b homozygous mutant embryos injected with hdac1-MO. Note that loss 
of mib function results in increase of deltaA (B2) and ngn1 (C2) expression except in r4 and r5 at 24 hpf, whereas loss 
of hdac1 reduces the abundance of deltaA (B3) and ngn1 (C3) expression in the whole hindbrain. In mibta52b mutant 
embryos injected with hdac1-MO, the expression level of deltaA (A4) and ngn1 (C4) is greatly reduced. In mibta52b 
mutant embryos, the expression of rfng is barely detectable (A2), whereas the transcript of rfng is expanded in the 
hdac1-MO injected wild-type (A3) and mibta52b (A4) mutant embryos. (D, E) Two negative regulator of Notch 
signaling pathway, nrarp-a (D) and nrarp-b (E) are expressed in the hindbrain in 20 s stage embryos. While loss of 
Nrarp-a and Nrarp-b can only results in minor decrease in the expression level of ngn1 (F), the expression of rfng is 









Figure 3.6 Lack of Su(H) causes rhombomere boundarydefects and the severity is su(h)-MO dosage-dependent. 
(A) Lateral view of live 24 hpf su(h)-MO injected embryos. In su(H) morphants, the neural keel is irregular in the area 
of hindbrain. (B-F) In situ hybridization of rfng expression (B, C) and cdkn1C expression (D-F). (B, D) Wild-type 
embryos, (E) mibta52b mutants and (C, F) su(h)-MO injected embryos. In su(H) morphants, the expression of rfng is 
great reduced comparing to wild-type embryos (B). (D) cdkn1C is expressed throughout the rhombomeres, except in 
boundary cells, with stronger expression seen at lateral locations. (E) In mibta52b mutants expression of cdkn1C is 
greatly increased comparing to the wild-type siblings, and similar increase is detected at embryos injected with su(H) 
morpholinos (F). (G-J) Confocal microscopic cross sections at hindbrain levels by using bodipy ceramide staining 
technique. In embryos injected with 0.1 pmol (G) and 0.5 pmol (H) at 16 hpf, rhombomere boundaries can also be seen 
and the cellular structure is elongated as wild-type. (I) In embryos injected with 0.1 pmol su(h)-MO,  some cells lose 
their epithelial structure. Yellow arrow indicates regions where the cellular shape is changed. (F) More severe effect is 
observed in the embryos injected with 0.5 pmol su(h)-MO.  In the affected region (arrowhead), the cellular structure is 
more irregular and the arrangement is more disorganized than that of 0.1 pmol su(h)-MO injected embryos. (B-F) 









Figure 3.7 Progressive disruption of the rhombomere boundaries in su(h)mo embryos. (A-F) Dorsal views, anterior 
to the left, of the 21 hpf (A I-A.III), 24 hpf (B.I-BIII, D-F) and 26 hpf (C.I-C.III) embryos showing expression of 
foxb1.2 in hindbrain. Note that elevated expression of foxb1.2 can be observed in the rhombomere boundaries in wild-
type embryo (D). (A-C) Same batch of embryos injected with 0.1 pmol or 0.5 pmol and fixed at different time point for 
foxb1.2 in situ hybridization analysis. Variable foxb1.2 expression changes in su(h)-MO injected embryos can be 
classified into three types (I-III): type III display the most severe changes; type II display less severe changes; type I 
shows minor changes. Note that while high expression level of foxb1.2 in rhombomere boundaries is obvious in 
embryos injected with su(h)-MO at 21 hpf (A.I-A.III) , great reduction is observed at 24 hpf (B) and 26 hpf (C). (E, F) 
Expression of foxb1.2 in mibtfi91 (E) and mibta52b (F) at 24 hpf respectively. Note that foxb1.2 transcripts can be detected 
at the medial part of the boundary in mibtfi91 mutants, while in mibta52b mutants the expression of foxb1.2 is uniform and 
no boundary expression is visible. 















Table 3.1 Effects of foxb1.2 expression in su(h) morpholino injected embryos 
 
su(h)mo dosage stage Marker changes (foxb1.2) 
0.1pmol 21hpf  I (17/30); II (11/30); III (2/30) 
0.5pmol 21hpf  I (0);        II (24/36); III (12/36) 
0.1pmol 24hpf  I( 22/39); II ( 15/39); III( 2/39) 
0.5pmol 24hpf  I(1/36);    II (18/36); III( 17/36) 
0.1pmol 26hpf  I (28/28) 
0.5pmol 26hpf  II (15/24); III(9/24) 
 
Injected embryos were fixed and preceded for foxb1.2 in situ hybridization. Embryos were classified using 























Figure 3.8 Attenuation of Notch signaling at tail bud and 8 s stage leads to neuron overpopulation and 
disruption of rhombomere boundaries. All embryos are at 24 hpf, dorsal view with anterior to the left. (A-C) Wild-
type and (D-O) Tg(hsp70l:XdnSu(H)myc) embryos heat-shocked at 80% epiboly (D-F), tail bud stage (G-I), 8 s stage 
(J-L) and 15 s (M-O) stage correspondingly. Note that in embryos heat-shocked at tail bud stage (G) and 8 s stage (J) 
the expression of boundary marker rfng is decreased considerably comparing to wild-type heat-shocked embryos, 
whereas the expression level of rfng is almost unaffected in the embryos heat-shocked at 15 s stage (H). Although the 
intensity of rfng expression in 24 hpf Tg(hsp70l:XdnSu(H)myc) embryos heat-shocked at 80% epiboly  is similar to that 
in wild-type control embryos, the r5 size is greatly increased (asterisk). In all Tg(hsp70l:XdnSu(H)myc) heat-shocked 
embryos, (E, H, K, N) huC expression level is greatly increased, whereas her4 expression is down-regulated to various 
extent in (F, I, L, O), indicating that the neuron overpopulation in heat-shocked embryos is resulted from the loss of 
Notch activation. Note that her4 expression in the posterior part of hindbrain is diminished to a greater extent 













Chapter 4  
Notch1a and Notch3 play a distinct role 
from Notch1b in rhombomere boundary formation 
 
4.1 Summary 
In last chapter our observations have suggested that Notch activation is required for the 
maintenance of the rhombomere boundaries. In addition, we have provided evidence that the 
maintenance is through Su(H)-dependent Notch signaling pathway. However, it still remains 
unclear which Notch receptors are participated. To address this issue we used morpholino 
knockdown approach to investigate the functions of Notch1a, Notch1b and Notch3. We found 
that loss of Notch3 function in notch1ath35b mutant resulted in similar boundary and neuronal 
defects as the mibta52b, suggesting that Notch1a and Notch3 play a redundant role in maintaining 
boundary cell fates. By contrast, loss of Notch1b function inhibited neurogenesis and led to the 
conversion from non-boundary cells to boundary cells, which supports that Notch1b plays a 
distinct role from Notch1a and Notch3. Dachsous is atypical protocadherin family and has been 
shown to play an important role in the hinge/notum boundary formation in Drosophila. Recently 
two dachsous1 homologues, dachsous1a and dachsous1b, have been identified and were 
expressed in different spatial pattern in the hindbrain. They were perturbed in opposite directions 
in notch3-MO-injected notch1ath35b mutants or notch1b morphants. These results thus provide 
direct evidence that boundary cells and non-boundary cells expressed different cell adhesion 
molecules in the hindbrain and they are modulated by different Notch activation. We further 
explored the function of Notch1a in embryos and found that overexpression of activated Notch1a 
at 28hpf could lead to ectopic glia formation. This result implies that in addition to regulating 
neuron formation at early stages, Notch activation can affect boundary maintenance by promoting 




4.2.1 Effects on the expression of notch genes in mibta52b mutants 
To understand what are the possible receptors involved in the rhombomere boundary 
formation/maintenance, we first tried to investigate the expression of notch genes in the wild-type 
embryos.  Four Notch genes have been found in zebrafish: notch1a, notch1b, notch2 and notch3 
(Kortschak et al., 2001). While the expression of notch1a, notch1b and notch3 were detected in 
the hindbrain during somitogenesis (fig. 4.1A,B,C,G,H,I) , notch2 expression was only detected 
in the otic vesicle in the hindbrain region (fig. 4.1M,N). Therefore it seems that it is the activation 
of notch1a, notch1b and notch3 rather than that of notch2 to be involved in the rhombomere 
boundaries formation/maintenance. Next we investigated their expression changes in the mibta52b 
mutants. By 24 hpf, the expression of notch1a, notch1b and notch3 were all down-regulated in 
the hindbrain region in mib mutants comparing to that of wild-type embryos (fig. 4.1J,K,L, 
compared with control G,H,I respectively). Intriguingly, different from the obvious 
downregulation of notch1b and notch3 at 15s (fig. 4.1E,F), the expression level of notch1a was 
transiently up-regulated in mib mutants (fig. 4.1D). Despite that, these data showed that notch1a, 
notch1b and notch3 were all affected in mibta52b mutants. 
 
4.2.2 Clone of full-length notch1b  
In order to study the function of Notch1b receptor, we decided to clone the full length 
notch1b. Once we got the sequence we can use it to design morpholinos targeted against notch1b. 
We used 5’-RACE to a cDNA library from 24hpf stage embryos with primers derived from a 
partial clone of notch1b published in NCBI. By performing RT-PCR on the same library, we 
obtained a full-length open reading frame for notch1b (fig. 4.2). The predicted Notch1b protein 
contained 2527 amino acids and shared 70% and 51% identical to Notch1a and Notch3, 
respectively (fig. 4.3). 
 88
  
4.2.3 Knockdown of notch3 function in notch1a mutants led to the loss of rhombomere 
boundary cells and neuronal hyperplasia. 
Previous studies have demonstrated that morpholino injection can block the intron-exon 
splicing or protein translation during early development (Draper et al., 2001; Nasevicius and 
Ekker, 2000). In order to determine the phenotype of notch3 knockdown embryos in a notch1a-
deficient background, we first designed two morpholinos: notch3-1 MO targeting at the 5’-UTR 
and notch3-3 MO, a splicing-blocking MO. First we asked whether the splice site-targeted MO 
could alter splicing of notch3 mRNA. Using RT-PCR, we found that four variants were produced 
in embryos injected with notch3-3 MO and sequence analysis has revealed that while three 
variants had a premature stop codon, one variant encoded a truncated protein which lost the first 
36 amino acid (fig. 4.4A). In that sense, after the notch3-3 MO injection the notch3 mRNA level 
was indeed reduced.  
In notch1ath35b mutants injected with either notch-3-1-MO or notch3-3-MO, similar 
hindbrain defects could be observed and the results were reproducible (fig. 4.4B,C). In injected 
embryos, the neural keel was irregular and the hindbrain appeared highly disorganized. As this 
morphological change was similar to mibta52b mutants, we next tried to explore whether similar 
cell adhesion processes were affected. To confirm this, we carried out bodipy-ceramide staining 
and found that in contrast to the wild-type embryos, cells aggregated and organized into rosette-
like structures in the posterior part of the hindbrain in notch3-MO-injected notch1ath35b mutants 
(fig. 4.4D,E).  
In chapter 3, we have found that inhibition of Notch activation resulted in neuron 
overpopulation and hence the loss of boundary cells. Thus we further analyzed the neuronal 
defects in notch3-MO-injected notch1ath35b mutants (n=4) and identified similar neurogenic 
defects when compared to mibta52b mutants (fig. 4.5). In notch1ath35b mutants only mild 
neurogenic defects were detected (fig. 4.5 B,F,J,N). Despite the increase in the number of 
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reticulospinal neurons (r4-center neurons) and the density of the axonal scaffold in Mauthner 
cells, the arrangement and location of other reticulospinal neurons remained normal when 
compared with wild-type embryos. In notch3-MO-injected embryos, we failed to detect any 
obvious neuronal defects. By contrast, severe neurogenic phenotype was seen in both notch3-
MO-injected notch1ath35b mutants and mibta52b mutants. Firstly, the number of primary neurons 
was dramatically overproduced and sometimes shown axonal pathfinding errors and fasciculation 
defects (fig. 4.5 O,P compared to M). Secondly, the arrangement of axon bundles was highly 
disorganized and the trajectories were erratic, while in wild-type embryo six axon bundles formed 
and marked the borders between single rhombomeres (fig. 4.5 C,D compared to A). Thirdly, 
while in wild-type embryos the cellular processes produced by radial glia normally fanned out to 
form parallel sheets that flanked rhombomere boundaries, the pattern was sort of disorganized 
and the staining level was greatly reduced (fig. 4.5 G,H compared with E). Lastly, commissural 
neurons were aggregated and axon projection was randomized (fig. 4.5K,L), whereas in wild-type 
embryos they normally developped and decussated at rhombomere boundaries (fig. 4.5I). Taken 
together, these results indicate that like mibta52b mutants, notch3-MO-injected notch1ath35b mutants 
develop with a range of neuronal defects in addition of rhombomere boundary disruption.  
 
4.2.4 Loss of notch1b function leads to a transformation of non-boundary cells into 
boundary cells and neuronal hypoplasia. 
So far we knew that Notch1a and Notch3 played a redundant role in maintaining 
boundary cells at undifferentiated and loss of notch3 in notch1a mutants resulted in similar 
neurogenic phenotype like mib. As notch1b was expressed in the hindbrain as well, therefore, we 
next tried to find out the function of notch1b during zebrafish development. To test this, we 
designed two different morpholinos specific to notch1b, one complementary to the AUG and the 
other targeted the first intron-extron splicing site. RT-PCR results indicated that notch1b-3 could 
effectively block the splicing of exon-1 and exon-2 (fig. 4.6A). However, the blocking was not 
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complete as low levels of 450bp products could still be detected in the morphants. Despite that, 
both MOs had the same influence on the morphology changes in the hindbrain: enlargement of 
the 4th ventricle (fig. 4.6B). 
Previous study has implied that her9 functions as a prepattern gene that links the 
positional dorsoventral polarity information in the posterior neuroectoderm to the spatial 
regulation of neurogenesis (Bae et al., 2005). When we carried out her9 in situ hybridization we 
found out that, surprisingly, her9 also displayed high expression level at rhombomere boundaries 
from roughly 17hpf stage like foxb1.2, which has not been reported before (fig. 4.7A-C). Like 
other boundary markers (foxb1.2, erm, rfx2, pax6), her9 was expressed diffusedly in the whole 
hindbrain by 17hpf and were gradually refined to the rhombomere boundaries by 24hpf (fig. 4.7). 
So for no clear evidence has shown that her9 expression is correlated with the activation of Notch 
signaling, we decided to use it just as a boundary marker. 
Analysis of hindbrain morphology of notch1b-MO injected mutants and notch3-MO-
injected notch1ath35b mutants revealed that the hindbrain was affected in both embryos but not 
equally. At the molecular level, rfng was normally expressed at high level in the rhombomere 
boundaries (fig. 4.8A). Different from the downregulation of rfng in notch3-MO-injected 
notch1ath35b mutants (n=18/20), we observed broadening expression of rfng except the r4 in 
notch1b-MO injected embryos (n=30/31) (fig. 4.8A’,A’’). Similar results were obtained by using 
her9 as a boundary marker (n=30/33, 14/16 for B’ and B” respectively) (fig. 4.8B’B’’). In 
notch1b-MO-injected embryos, the expression of her9 was increased to a great extent in the 
whole hindbrain, whereas significant reduction was detected in notch3-MO-injected notch1ath35b 
mutants, indicating that Notch1b functions differently from Notch1a and Notch3 in boundary cell 
fate determination. As in early analysis we proposed that boundary cell fate was highly correlated 
with the delayed neurogenesis. Thus we next compared the different neuronal effect between the 
notch1b-MO-injected mutants and notch3-MO-injected notch1ath35b mutants. Consistent with the 
antibody results described above, in notch3-MO-injected notch1ath35b mutants, we observed 
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overexpression of either neuronal marker huC (n=12/12) or proneuronal marker ngn1 (n=13/13) 
(fig. 4.8C’’,D’’). In contrast, ngn1 (n=34/35) and huC (n=42/44) expression were reduced 
dramatically and slightly in notch1b-MO-injected embryos, respectively (fig. 4.8C’,D’, compared 
with control C and D, respectively). Therefore, we concluded that the expansion of boundary 
cells resulted from the inhibition or delayed neurogenesis in non-boundary cells. We also checked 
the later-born neuronal effects by using evx1 as a marker. evx1 is a zebrafish even-skipped 
homologue, which identifies the hindbrain commissural neurons and other interneurons (Thaeron 
et al, 2000). In both morphants the expression pattern of evx1 was highly disorganized (n=30/30 
for E’, 16/16 for E’’) (fig. 4.8E’,E’’, compared with control E). 
 
4.2.5 Two dachsous1 homologues are expressed in the hindbrain and are affected 
differentially to the changes of Notch activation.  
Previous studies have indicated that boundary cells might display different affinity from 
non-boundary cells and recent work on Drosophila has revealed that Dachsous protein 
contributes to hinge/notum boundary formation by means of an affinity border (Rodriguez, 2004). 
Dachsous belongs to the atypical protocadherin family and it might confer different cell adhesion 
ability on the boundary cells.  Therefore, we tried to investigate whether similar molecules are 
expressed in the hindbrain. In our laboratory we identified two dachsous1 homologues and found 
that they were expressed in different part of the hindbrain. In boundary cells high dachsous1a 
expression level could be detected while in non-boundary cells the expression level was low (fig. 
4.9A,B,C). By contrast, dachsous1b was expressed mainly in non-boundary cells in the lateral 
part of the hindbrain (fig. 4.9D,E). Due to the restricted spatial expression of dachsous1a and 
dachsous1b, we suspected that they might confer differently affinity on the boundary and non-
boundary cells. Next we investigated whether they were affected differently to the change of 
Notch activation. Loss of boundary cells in mibta52b or notch3-MO-injected notch1ath35b mutants 
was associated with the severe reduction in dachsous1a expression (n=10/12) and dramatic 
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increase in dachsous1b expression (n=37/37) (fig. 4.9G,J). Conversely, overpopulation of 
boundary cell formation in notch1b-MO injected embryos resulted in great upregulation of 
dachsous1a expression (n=31/31) and significant decrease in dachsous1b expression (n=32/32) 
(fig. 4.9H,K). These results suggested that changes of boundary cell fate were accompanied with 
the change of cell affinity.  
 
4.2.6 Overexpression of activated Notch1a leads to excessive gliogenesis at the expense of 
neurons. 
Results in last chapter have indicated the Notch activation is required for the prevention 
of boundary cells from differentiation into neuronal precursors prematurely during the 
segmentation stage. Then a question was rasied: what is the function of Notch activation at the 
pharyngula stage?  Early reports have indicated that glial differentiation in the retina is initiated 
by Notch1a-intra and overexpression of activated Notch1a can leads to excessive gliogenesis 
together with the impairment of neuronal development (Scheer et al, 2001). We examined the 
expression of notch1a at 2dpf and found that it colocalized with the Zrf-1 staining (fig. 4.10A). 
Zrf-1 antibody labeled radial glia processes in the zebrafish (Trevarrow et al., 1990). Therefore it 
raised the question whether Notch1a played a similar function in the hindbrain. To address this, 
we used hsp70:Gal4;UAS:nic line to overexpress the activated Notch1a. Following a 1hour heat 
shock at 28hpf, the number of Zrf-1-positive cells was greatly increased when compared to the 
wild-type heat-shocked one (fig. 4.10B,B’,C,C’). Simultaneously, we found that the expression of 
huC and ngn1 was down-regulated, indicating the overpopulation of Zrf-1 staining cells was 
associated with the impairment of neuron differentiation (fig. 4.10F,G,H,I). Notably the lateral 
part was inhibited more obviously than the medial part in the heat-shock transgenic embryos, 
which was consistent with the strong induction of Zrf-staining in the lateral region. However, the 
Zrf-1 staining in the medial part of hindbrain was repressed. We also analyzed the boundary 
effect on the embryos after heat-shock-mediated Notch1a-intra activation. We found that in heat-
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shocked transgenic embryos glyT1, a glycine transporter which was normally expressed in the 
rhombomere boundaryin wild-type embryos, was somewhat expanded and the level was elevated 
(fig. 4.10J,K). Also the staining with Zna-1 antibody was more broadened (fig. 4.10E). Zna-1 
stains neuron fibers that formed curtain structure near rhombomere boundaries in the wild-type 
embryos (fig. 4.10D). Therefore, these observations suggest that Notch1a can promote 
gliogenesis at pharyngula stage. 
 
4.3 Discussion    
Four notch genes have been identified in the zebrafish and different expression pattern in 
the embryos implies that they play different role in these regions. We found that notch1a, notch1b 
and notch3 were expressed in the entire hindbrain and the expression level was reduced in mibta52b 
mutant embryos. By contrast, the expression of notch2 was restricted to the otic vesicle in the 
hindbrain. Thus, notch1a, notch1b and notch3 are the likely receptors contributing to the 
rhombomere boundary maintenance. 
Since three receptors are expressed in the zebrafish hindbrain, an important question 
about the functional diversities among the Notch receptors is raised. Previous studies have shown 
that both Notch3 and Notch1 have the same effects on astroglial development and HES-1 
expression (Tanigaki et al., 2001). Overexpression of activated murine Notch1 and Notch3 in 
transgenic mice blocks mammary gland development and induces mammary tumors (Hu et al., 
2006). However, the defects of Notch1 signaling accelerate the differentiation of pancreatic 
endocrine cells, while the overexpression of the intracellular region of Notch3 induces the same 
phenotypes (Apelqvist et al., 1999). Therefore it has been controversial about the function of 
Notch3 and Notch1a. But the different results could be explained by the possibility that in 
different organs multi-potent progenitors have different repertories of co-activators or repressors. 
In zebrafish hindbrain, our observation that notch3-MO-injected notch1ath35b mutants displayed 
strong neurogenic phenotype suggested that notch3 and notch1a play a redundant role in the 
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neuron differentiation. Recent studies on zebrafish kidney and ionocyte formation indicated that 
notch1a and notch3 function redundantly in these organs (Ma and Jiang, 2007; Hsiao et al., 
2007). This led us to propose that similar mechanism was applicable in the hindbrain and both 
notch1a and notch3 activation were required for the maintenance of boundary cells in non-
differentiation state.  
If cells expressing high level of notch1a and notch3 are intending to maintain their 
boundary cell fates in the hindbrain, then why are transcripts of notch3 and notch1a also detected 
in the non-boundary cells where neurogenesis is promoted? Expression of another Notch 
receptor, Notch1b, might be the answer. Notch1b is another Notch1 subfamily member and share 
70% amino acid identity with Notch1a. As a large number of duplicate gene pairs have been 
identified and they are probably formed by duplication of a large part of the genome, we predict 
that they are either required for the higher level expression that are advantageous to other 
organism or they are playing a unique role under selective pressure or both. For example, 
zebrafish has two hoxb1 homologue and knock-down studies have suggested that while hoxb1a is 
required for migration of the VIIth cranial nerve branchiomotor neurons from their point of origin 
in hindbrain rhombomere 4 towards the posterior, hoxb1b is required for proper segmental 
organization of rhombomere 4 and the posterior hindbrain (McClintock et al., 2002). In addition, 
we found that dachsous1a and dachsous1b were expressed in distinct domain of the hindbrain 
and were regulated inversely by the change of Notch activation. Likewise, as expression pattern 
of notch1a and notch1b has revealed that while notch1b is not expressed in presomitic mesoderm, 
it is strongly expressed in endocardial cells whereas notch1a is not. It has been proposed that 
notch1b might also play a distinct role from notch1a (Westin and Lardelli, 1997). Our finding 
that boundary marker were expanded in notch1b-MO injected embryos further suggest that 
Notch1b are playing different roles as Notch1a. More interestingly, we found that both huC and 
ngn1 expression were decreased to a great extent in contrast to that in wild-type embryos. 
Therefore we favor a model that different from Notch1a and Notch3, Notch1b activation 
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promotes neurogenesis in the hindbrain. However, when we overexpressed activated Notch1a 
either by heat shock or by mRNA injection, we did not detect any boundary expansion. Similarly, 
overexpression of notch3-intra or notch1b-intra did not cause any boundary defects as well in our 
tests. The results can be explained in several ways. For one reason, maybe our injection dosage is 
not the ideal one, although higher one caused abnormal phenotype and we did not take it as 
specific effects. Alternatively, the Notch activation has an autoregulation loop and overexpression  
of either Notch activation will be diminished eventually. Alternatively, as a previous study has 
also suggested, Notch activation maybe necessary but not sufficient for rhombomere boundary 
formation.  
Mosaic analysis has revealed that cells expressing constitutively activated Notch1a are 
segregated from the non-boundary cells in wild-type embryos (Cheng et al., 2004). This raises the 
possibility that Notch activation might mediate different cell adhesion between non-boundary 
cells and boundary cells. Recent studies have indicated that Notch activation is required for Wnt 
signaling, which in turn up-regulates the proneural genes in the non-boundary cells (Amoyel et 
al., 2005). Dachsous is a member of the Cadherin family and is required for efficient Wg 
signaling during the subdivision of the wing disc (Rodriguez, 2004). Since dachsous1a and 
dachsous1b are expressed distinctively in the hindbrain and are affected in opposite way in 
embryos loss of Notch activation, therefore it raises the possibility that different Notch activation 
could be required for the specific dachsous1 expression. However, it remains to be answered 
whether it is directly controlled by Notch signaling pathway or via Wnt signaling pathway. 
Hindbrain can be divided into two separate regions, the center region and the border 
regions. While the center regions comprise most of the classically defined neuromeres, the border 
regions encompass the remaining tissue surrounding the boundaries (clefts) between adjacent 
neuromeres (Trevarrow et al., 1990). It has been found that glial fibers exist in the curtain rows in 
the rhombomere boundary region which might serve as a mechanical barrier. At 2 dpf notch1a is 
also found to be expressed in the cells adjacent to the rhombomere boundaries and the expression 
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is colocalized with the staining of Zrf-1. In the developing retina expression of activated Notch1a 
ubiquitiously driven by heat-shock70 promoter causes a block in neuronal differentiation, causing 
cells either enter gliogenesis or remain undifferentiated (Scheer et al., 2001). Therefore it is 
probable that Notch1a activation during pharyngula stage might also promote the gliogenesis in 
the hindbrain. Analysis of Zrf-1 staining in a 2 dpf embryo with a 1hour single heat shocked at 28 
hpf revealed that the Zrf-1 positive cells were greatly increased in the lateral region. Accordingly, 
the ngn1 or huC staining was reduced at the lateral region in the hindbrain. This indicates that 
after the activation of Notch1a-intra, gliogenesis is promoted in the lateral part and neuron 
differentiation is inhibited. However, ngn1 and huC staining was less perturbed in the medial part 
of the hindbrain and great reduction in the number of Zrf-1 staining was observed accordingly. 
This leads us to hypothesize that the cells in the medial part adopt an undifferentiated state 
instead of glial cell fates and at later stage they further divided into the oligodendrocytes. Further 
understanding will be required by analysis the oliogdendroctye marker expression changes in 
these heat-shocked embryos. However, it also remains unclear whether activation of Notch1b-







Figure 4.1 Effect on notch1a, notch1b and notch3 expression in mibta52b mutants. (A, D, G, J) In situ hybridization 
analysis of  notch1a expression in (A, D) wild-type and (G, J) mibta52b mutants. (B, E, H, K) In situ hybridization 
analysis of notch1b expression in (B, H) wild-type and (E, K) mibta52b mutants. (C, F, I, L) In situ hybridization 
analysis of notch3 expression in (C, I) wild-type and (F, L) mibta52b mutants.  (A-C, G-I) Wild-type embryos at (A-C) 
15s stage and (G-I) 24hpf respectively; (D-F, J-L) mibta52b mutants embryos at (D-F)15s and (J-L) 24hpf respectively. 
Note that at 15s stage notch1a expression level is increased in mibta52b mutants, whereas the expression of notch1b and 
notch3 are both down-regulated at this stage. (K-M) Loss of Mib function decreases notch1a, notch1b and notch3 
expression throughout the hindbrain at 24hpf. (M,N) Expression of notch2 in WT embryos at 15s (M) and 24hpf (N). 

















    142 atgcatcttttcttcgtgaaactaattgttgtgatatcactcaat 
        M  H  L  F  F  V  K  L  I  V  V  I  S  L  N  
    187 actttgacacaaggcctggagtgttcagaaaaatgccaaaacgga 
        T  L  T  Q  G  L  E  C  S  E  K  C  Q  N  G  
    232 ggcacatgtgaaccaactgcagacgggagaggagaatgcaagtgt 
        G  T  C  E  P  T  A  D  G  R  G  E  C  K  C  
    277 ctggatctgtacgccggcccagcgtgccagttccgcaacccttgc 
        L  D  L  Y  A  G  P  A  C  Q  F  R  N  P  C  
    322 ttccaatccccgtgcagaaatggtggcgtgtgccgtttgatcact 
        F  Q  S  P  C  R  N  G  G  V  C  R  L  I  T  
    367 tctgccaacaaggtggactttgtctgcaactgcagcctgggctac 
        S  A  N  K  V  D  F  V  C  N  C  S  L  G  Y  
    412 acggaccgactgtgcctcactcccaccaacaacgtgtgccttggt 
        T  D  R  L  C  L  T  P  T  N  N  V  C  L  G  
    457 gctccgtgccgaaacggaggcacgtgcgaactcaccagcatccac 
        A  P  C  R  N  G  G  T  C  E  L  T  S  I  H  
    502 aactacaggtgtaaatgcccaccaggctggtcaggtaaaacctgc 
        N  Y  R  C  K  C  P  P  G  W  S  G  K  T  C  
    547 cagcaagctgatccctgtgcctcgaatccttgtgccaatggtggt 
        Q  Q  A  D  P  C  A  S  N  P  C  A  N  G  G  
    592 cagtgtagcccctttgattcggacttcctctgccactgtacacct 
        Q  C  S  P  F  D  S  D  F  L  C  H  C  T  P  
    637 tacttctcaggccaaacctgcaaacaagatgtcaacgagtgcgcg 
        Y  F  S  G  Q  T  C  K  Q  D  V  N  E  C  A  
    682 cagattccctctccgtgtaagaacggtggcgtgtgtgagaacgga 
        Q  I  P  S  P  C  K  N  G  G  V  C  E  N  G  
    727 gtgggcacgtatcactgcaactgtcccgccgagtacactgggaaa 
        V  G  T  Y  H  C  N  C  P  A  E  Y  T  G  K  
    772 cactgcgagagcctgtatcagccgtgtaacccctcgccatgctta 
        H  C  E  S  L  Y  Q  P  C  N  P  S  P  C  L  
    817 cacgggggcacctgcgtacagaagggggagaccagttatgagtgc 
        H  G  G  T  C  V  Q  K  G  E  T  S  Y  E  C  
    862 tcctgtctgccaggtcggcaggaatttgtgcttatcatgaggaaa 
        S  C  L  P  G  R  Q  E  F  V  L  I  M  R  K  
    907 tgtctgaacgactacttccttatgctggtgttcataggttttagt 
        C  L  N  D  Y  F  L  M  L  V  F  I  G  F  S  
    952 gggcagaactgcgaagaaaacatcgatgattgtccagatcatcgc 
        G  Q  N  C  E  E  N  I  D  D  C  P  D  H  R  
    997 tgccttaatggagggacctgtgtggatggagtgaacacctacaat 
        C  L  N  G  G  T  C  V  D  G  V  N  T  Y  N  
   1042 tgccagtgcaaaccagagtggacaggtcagttctgtaccgaagat 
        C  Q  C  K  P  E  W  T  G  Q  F  C  T  E  D  
   1087 gtcaacgagtgcgatttgatgcccaactcctgccagaacggtggc 
        V  N  E  C  D  L  M  P  N  S  C  Q  N  G  G  
   1132 acgtgcttgaacacgcagggtgggtataactgtgtgtgcgtgaac 
        T  C  L  N  T  Q  G  G  Y  N  C  V  C  V  N  
   1177 ggctggacgggggacgactgcagcgagaacattgacgactgcgca 
        G  W  T  G  D  D  C  S  E  N  I  D  D  C  A  
   1222 gatgcagcctgtcatactggagccacatgccacgatcgggtggcc 
        D  A  A  C  H  T  G  A  T  C  H  D  R  V  A  
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   1267 tccttcctctgcgaatgtcctcacgggcgcacaggtctgttgtgt 
        S  F  L  C  E  C  P  H  G  R  T  G  L  L  C  
   1312 catctagatgatgcttgcattagtaacccgtgtcaaaaaggctct 
        H  L  D  D  A  C  I  S  N  P  C  Q  K  G  S  
   1357 aactgtgacaccaacccagtcaacggcaaagccatctgtacctgt 
        N  C  D  T  N  P  V  N  G  K  A  I  C  T  C  
   1402 ccactgggttatgttgggccggcctgtgaccaagacgttgatgaa 
        P  L  G  Y  V  G  P  A  C  D  Q  D  V  D  E  
   1447 tgctcactgggtgcaaacccttgtgaacatgctggaaagtgtata 
        C  S  L  G  A  N  P  C  E  H  A  G  K  C  I  
   1492 aacacaaaaggctcgttccagtgtaaatgtctgcagggatatgtg 
        N  T  K  G  S  F  Q  C  K  C  L  Q  G  Y  V  
   1537 ggagctcgatgtgagctggacataaatgagtgcctttccaccccg 
        G  A  R  C  E  L  D  I  N  E  C  L  S  T  P  
   1582 tgccaaaacgacgccacctgtttagatcagattggaggctttcat 
        C  Q  N  D  A  T  C  L  D  Q  I  G  G  F  H  
   1627 tgcatctgtatgccagggtacgagggagtcttctgtcagatcaat 
        C  I  C  M  P  G  Y  E  G  V  F  C  Q  I  N  
   1672 accgatgagtgcgccagcatgccctgcctcaacaatgggaagtgc 
        T  D  E  C  A  S  M  P  C  L  N  N  G  K  C  
   1717 atcgacaagatcaacaactaccaatgcgagtgccccacaggattt 
        I  D  K  I  N  N  Y  Q  C  E  C  P  T  G  F  
   1762 tcggggagccaatgccagttcgacattgacgagtgcgctagtact 
        S  G  S  Q  C  Q  F  D  I  D  E  C  A  S  T  
   1807 ccttgtaaaaatggggccaagtgtatggatgggcctaatatgtac 
        P  C  K  N  G  A  K  C  M  D  G  P  N  M  Y  
   1852 acctgccagtgcactgaaggatacacagggcagcactgtgagaca 
        T  C  Q  C  T  E  G  Y  T  G  Q  H  C  E  T  
   1897 gatgtagatgagtgtctgtccaacccgtgtcactacggcacctgt 
        D  V  D  E  C  L  S  N  P  C  H  Y  G  T  C  
   1942 aaagatggcctggcgtccttcacctgcgtctgccgtgcgggtttc 
        K  D  G  L  A  S  F  T  C  V  C  R  A  G  F  
   1987 atgggccgtctgtgcgagatcaacattaatgagtgtctcagtcag 
        M  G  R  L  C  E  I  N  I  N  E  C  L  S  Q  
   2032 ccatgccaaaacggaggcacctgccaggaccgtgagaatgcctac 
        P  C  Q  N  G  G  T  C  Q  D  R  E  N  A  Y  
   2077 ttgtgtgtctgccccaaaggaactgcaggagctaactgtgagatc 
        L  C  V  C  P  K  G  T  A  G  A  N  C  E  I  
   2122 aacctggatgactgtcagagcaatccctgtgatttcgggagatgc 
        N  L  D  D  C  Q  S  N  P  C  D  F  G  R  C  
   2167 atcgacaagataaatgggtacgagtgtgcctgcgaaccgggatac 
        I  D  K  I  N  G  Y  E  C  A  C  E  P  G  Y  
   2212 acagggaaaatgtgcaacgtcaatatcgatgaatgtgccatcaac 
        T  G  K  M  C  N  V  N  I  D  E  C  A  I  N  
   2257 ccctgccacaatggcggaacctgtgtggatggagtcaatggcttc 
        P  C  H  N  G  G  T  C  V  D  G  V  N  G  F  
   2302 acttgtctgtgcagagagggctatcatgacaccacctgccaatca 
        T  C  L  C  R  E  G  Y  H  D  T  T  C  Q  S  
   2347 cagctcaacgaatgcctcagcaacccctgtatccatggacactgt 
        Q  L  N  E  C  L  S  N  P  C  I  H  G  H  C  
   2392 gaagacaaagtgaatggatataactgtatttgcgactctggctgg 
        E  D  K  V  N  G  Y  N  C  I  C  D  S  G  W  
   2437 agtggagtcaactgtgacattaacaacaacgagtgcgagtccaac 
        S  G  V  N  C  D  I  N  N  N  E  C  E  S  N  
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   2482 ccctgtatgaatggaggcacttgtaaggacatgaccagtggctac 
        P  C  M  N  G  G  T  C  K  D  M  T  S  G  Y  
   2527 gtctgcacatgtcgcgccggcttcagcggtcccaattgccaaacg 
        V  C  T  C  R  A  G  F  S  G  P  N  C  Q  T  
   2572 aatatcaacgaatgtgcctccaacccatgcttgaatcaaggaacc 
        N  I  N  E  C  A  S  N  P  C  L  N  Q  G  T  
   2617 tgcattgatgatgtggccggatacaaatgcaactgtctgcttcct 
        C  I  D  D  V  A  G  Y  K  C  N  C  L  L  P  
   2662 tacactggccaaacatgtgaggtggacatcaacgagtgtgttaaa 
        Y  T  G  Q  T  C  E  V  D  I  N  E  C  V  K  
   2707 aatccttgccgaaatgatgccatctgccaaaactccattggcagc 
        N  P  C  R  N  D  A  I  C  Q  N  S  I  G  S  
   2752 tacaagtgcagttgcaaagcgggctacacgggccgcaactgtgag 
        Y  K  C  S  C  K  A  G  Y  T  G  R  N  C  E  
   2797 acagacatcgatgactgcaagcccaacccctgcagtaacggtggc 
        T  D  I  D  D  C  K  P  N  P  C  S  N  G  G  
   2842 ttctgcaaagacgcagtgaacgccttcacttgcacctgcctgccg 
        F  C  K  D  A  V  N  A  F  T  C  T  C  L  P  
   2887 ggtttcaggggcggcagatgcgaggaggacattaacgaatgtgag 
        G  F  R  G  G  R  C  E  E  D  I  N  E  C  E  
   2932 agtaacccgtgtaaaaacggcgccaactgcactgattgtgtgaac 
        S  N  P  C  K  N  G  A  N  C  T  D  C  V  N  
   2977 agctacacctgcacctgtccacctggattcagtgggattcactgc 
        S  Y  T  C  T  C  P  P  G  F  S  G  I  H  C  
3022 gagaacaacacacctgactgtactgagagctcttgttttaatggt 
        E  N  N  T  P  D  C  T  E  S  S  C  F  N  G  
   3067 ggcacatgtgtggatggcatcaacagcttcacttgcctgtgccct 
        G  T  C  V  D  G  I  N  S  F  T  C  L  C  P  
   3112 aaaggcttcactggcaactactgccagcatgacatcaacgagtgc 
        K  G  F  T  G  N  Y  C  Q  H  D  I  N  E  C  
   3157 gactccagaccgtgcatgaatggaggcacctgccaggacagctat 
        D  S  R  P  C  M  N  G  G  T  C  Q  D  S  Y  
   3202 ggcacctacaagtgcacctgccctcagggataccacggtcttaac 
        G  T  Y  K  C  T  C  P  Q  G  Y  H  G  L  N  
   3247 tgtcaggagctggtgaactggtgtaaaccgtctccctgtaagaat 
        C  Q  E  L  V  N  W  C  K  P  S  P  C  K  N  
   3292 ggagggatctgcagacagagcggcacaagatacagctgtcagtgt 
        G  G  I  C  R  Q  S  G  T  R  Y  S  C  Q  C  
   3337 cagacaggctggactggtttatactgtgacgttcccagtgtttcc 
        Q  T  G  W  T  G  L  Y  C  D  V  P  S  V  S  
   3382 tgcgaggtggccgccaaacagcaaggtgttgatgtggtccggctg 
        C  E  V  A  A  K  Q  Q  G  V  D  V  V  R  L  
   3427 tgtcgtaactctggccagtgtctggacgctggaaacacacactat 
        C  R  N  S  G  Q  C  L  D  A  G  N  T  H  Y  
   3472 tgtcactgtcaggccggatacacgggcagctactgtgaggagcag 
        C  H  C  Q  A  G  Y  T  G  S  Y  C  E  E  Q  
   3517 gtggacgaatgcattcccaatccatgccagaacggagcaacttgc 
        V  D  E  C  I  P  N  P  C  Q  N  G  A  T  C  
   3562 accgactacctgggcggatactcctgtgaatgtgtgccaggttat 
        T  D  Y  L  G  G  Y  S  C  E  C  V  P  G  Y  
   3607 catggagtgaactgctctgatgagatcaatgagtgtctgtctcag 
        H  G  V  N  C  S  D  E  I  N  E  C  L  S  Q  
   3652 ccctgccagaacgggggcacatgcatcgacctgatcaatacctac 
        P  C  Q  N  G  G  T  C  I  D  L  I  N  T  Y  
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   3697 aaatgctcctgtcctcggggaacacaaggtgtgcactgcgagatc 
        K  C  S  C  P  R  G  T  Q  G  V  H  C  E  I  
   3742 aacattgacgactgcacaccgttcactgaccccatcacccatgag 
        N  I  D  D  C  T  P  F  T  D  P  I  T  H  E  
   3787 cctaaatgctttaaccagggccgctgtgtggaccgtgtgggcggc 
        P  K  C  F  N  Q  G  R  C  V  D  R  V  G  G  
   3832 taccactgcatctgtccccctgggtatgttggggaacgctgtgag 
        Y  H  C  I  C  P  P  G  Y  V  G  E  R  C  E  
   3877 ggcgacgtcaacgagtgcctgtccaacccctgtggcacacacagc 
        G  D  V  N  E  C  L  S  N  P  C  G  T  H  S  
   3922 tgcatccagctcaaaaacaactaccgctgcgagtgtcgcacagga 
        C  I  Q  L  K  N  N  Y  R  C  E  C  R  T  G  
   3967 tacacaggtcagcattgtgacaaagtgtttgatggctgtaaaggg 
        Y  T  G  Q  H  C  D  K  V  F  D  G  C  K  G  
 4012 aagccgtgtcgtaatggaggcacctgcgctgtagccagtaacact 
        K  P  C  R  N  G  G  T  C  A  V  A  S  N  T  
   4057 cctcatggctttatctgcaaatgtccaccgggttttacgggctcg 
        P  H  G  F  I  C  K  C  P  P  G  F  T  G  S  
   4102 acctgcgagtacgacgcacacgcatgtgggagccttcaatgcaaa 
        T  C  E  Y  D  A  H  A  C  G  S  L  Q  C  K  
   4147 aatggcgggacgtgcgtttctggtcacaagagtcccaaatgcctg 
        N  G  G  T  C  V  S  G  H  K  S  P  K  C  L 
   4192 tgcacccctgctttcactggtcccgagtgccaggatcccagcgga 
        C  T  P  A  F  T  G  P  E  C  Q  D  P  S  G  
   4237 ggccactgcaccactaacccctgctataacggaggcacgtgcgag 
        G  H  C  T  T  N  P  C  Y  N  G  G  T  C  E  
   4282 tatataaccgaggagccgtattaccactgcatctgtcccaccaac 
        Y  I  T  E  E  P  Y  Y  H  C  I  C  P  T  N  
   4327 ttcaacggcctcttctgccacatcctggactggagttttccaggc 
        F  N  G  L  F  C  H  I  L  D  W  S  F  P  G  
   4372 ggcactggtcaggacatcacgccggctcctaaggtgtcggtcagc 
        G  T  G  Q  D  I  T  P  A  P  K  V  S  V  S  
   4417 tgcgagattgagcagtgtaaagtcaagaagggcaataagatctgt 
        C  E  I  E  Q  C  K  V  K  K  G  N  K  I  C  
   4462 gacagcgcatgtaataattacgcctgcgattgggacggtggcgac 
        D  S  A  C  N  N  Y  A  C  D  W  D  G  G  D  
   4507 tgttcgctgaactttaatgacccatggaagaactgttcggcggct 
        C  S  L  N  F  N  D  P  W  K  N  C  S  A  A  
   4552 ctgcagtgctggcgctattttaataacgggaagtgtgatgaacag 
        L  Q  C  W  R  Y  F  N  N  G  K  C  D  E  Q  
   4597 tgccacaacacgggatgcctctatgatgggttcgactgccagaga 
        C  H  N  T  G  C  L  Y  D  G  F  D  C  Q  R  
   4642 gtggaggcacagtgcaatccactatacgatcagtattgcaaggac 
        V  E  A  Q  C  N  P  L  Y  D  Q  Y  C  K  D  
   4687 cactttgcagacggctactgtgaccagggctgcaataatgcagag 
        H  F  A  D  G  Y  C  D  Q  G  C  N  N  A  E  
   4732 tgtgaatgggacggcctggactgcgctaacgacacccccgagaag 
        C  E  W  D  G  L  D  C  A  N  D  T  P  E  K  
   4777 ctggctgcaggactgctggttgtggtggtccacattcaccctgat 
        L  A  A  G  L  L  V  V  V  V  H  I  H  P  D  
   4822 cagctccgaaacaactcgttcggctttctgcgggagctcagccga 
        Q  L  R  N  N  S  F  G  F  L  R  E  L  S  R  
   4867 gtgctccacaccaacgtggttttccggcgggatagcaaggggcaa 
        V  L  H  T  N  V  V  F  R  R  D  S  K  G  Q  
 102
   4912 gaaatgatctacccgtattacggcaatgagcaggaactgaagaaa 
        E  M  I  Y  P  Y  Y  G  N  E  Q  E  L  K  K  
   4957 cacaacatcaaacgatcactagacggctggaacgatgcttctagc 
        H  N  I  K  R  S  L  D  G  W  N  D  A  S  S  
5002 gatgtcttgagctcgatgaaaaacagcatttacaatatagtagtg 
        D  V  L  S  S  M  K  N  S  I  Y  N  I  V  V  
   5047 gaaggagggagaaaacgcagagaactggagaagatacaagtcaaa 
        E  G  G  R  K  R  R  E  L  E  K  I  Q  V  K  
   5092 ggctccgtggtttatctggagatcgacaaccggcagtgctaccag 
        G  S  V  V  Y  L  E  I  D  N  R  Q  C  Y  Q  
   5137 caaacctccgaatgcttccagagcgccaacgacgcggcggcattc 
        Q  T  S  E  C  F  Q  S  A  N  D  A  A  A  F  
   5182 ctcggagcgctggcttccagcggcagtctgaaaatgccttacgtc 
        L  G  A  L  A  S  S  G  S  L  K  M  P  Y  V 
   5227 atcgaggccgtcacaagtgagatcgatggaccgtcgcctgtagag 
        I  E  A  V  T  S  E  I  D  G  P  S  P  V  E  
   5272 ctctatccagtctacgtggttctggcaggattggcgctgctggcc 
        L  Y  P  V  Y  V  V  L  A  G  L  A  L  L  A  
   5317 tttgtcgccattgggatggtggcgtcccgtaaacggcgccgggaa 
        F  V  A  I  G  M  V  A  S  R  K  R  R  R  E  
   5362 cacggacaactttggtttccggagggttttaagaccagcgagccc 
        H  G  Q  L  W  F  P  E  G  F  K  T  S  E  P  
   5407 agcaagaagaagaggagagagccggtcggagaagattcagtcggt 
        S  K  K  K  R  R  E  P  V  G  E  D  S  V  G  
   5452 ttgaggccactcaagaactgttcagacatttcgttaatggacgac 
        L  R  P  L  K  N  C  S  D  I  S  L  M  D  D  
   5497 aaccagaatgaatggggagaggaggaacagtccgacagcaaacgc 
        N  Q  N  E  W  G  E  E  E  Q  S  D  S  K  R  
   5542 ttcaggtctgaggagcaggcaatgctggatttagacgatcagcca 
        F  R  S  E  E  Q  A  M  L  D  L  D  D  Q  P  
   5587 gatcacagacagtggacgcagcagcatttggacgcagccgatctg 
        D  H  R  Q  W  T  Q  Q  H  L  D  A  A  D  L  
   5632 cgcatcccatccatcgctcccacaccgcctcagggcgagatagag 
        R  I  P  S  I  A  P  T  P  P  Q  G  E  I  E  
   5677 aacgactgcatggacgtcaatgcccgaggaccagatggctttact 
        N  D  C  M  D  V  N  A  R  G  P  D  G  F  T  
   5722 cctctgatgattgcatcctgcagtggaggagggctcgaaacggga 
        P  L  M  I  A  S  C  S  G  G  G  L  E  T  G  
   5767 aatagcgaggaagaggaagacgcttcagcaaacgtcatcaatgac 
        N  S  E  E  E  E  D  A  S  A  N  V  I  N  D  
   5812 ttcatctatcagggcgccaaccttcataaccagacagaccgcacg 
        F  I  Y  Q  G  A  N  L  H  N  Q  T  D  R  T  
   5857 ggtgagacggctctacacctggctgcccgctacgcccgctcagac 
        G  E  T  A  L  H  L  A  A  R  Y  A  R  S  D  
   5902 gccgcgaaacgactgctggaggccagtgctgatgctaacatccag 
        A  A  K  R  L  L  E  A  S  A  D  A  N  I  Q  
   5947 gacaatatgggcaggactccattacatgccgctgtggctgctgat 
        D  N  M  G  R  T  P  L  H  A  A  V  A  A  D  
 5992 gcccaaggcgtcttccagattttgatacggaaccgtgccacagat 
        A  Q  G  V  F  Q  I  L  I  R  N  R  A  T  D  
   6037 ctagacgcccgcatgcatgatggcaccacacctctgatactggcc 
        L  D  A  R  M  H  D  G  T  T  P  L  I  L  A  
   6082 gcaagactggcggtcgagggcatggtggaggaactcatcaactgc 
        A  R  L  A  V  E  G  M  V  E  E  L  I  N  C  
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   6127 catgctgacgttaatgccattgatgactttggtaaatctgctctt 
        H  A  D  V  N  A  I  D  D  F  G  K  S  A  L  
   6172 cactgggcagcagctgtgaacaatgtagatgcagcgatggtgttg 
        H  W  A  A  A  V  N  N  V  D  A  A  M  V  L  
   6217 cttaagaatggggcaaataaagacatgcagaacaataaggaggag 
        L  K  N  G  A  N  K  D  M  Q  N  N  K  E  E   
   6262 actcctcttttcctggcggcaagggaaggaagttacgagacggct 
        T  P  L  F  L  A  A  R  E  G  S  Y  E  T  A  
   6307 aaagttcttctggagcattttgcaaaccgggaaatcacagaccac 
        K  V  L  L  E  H  F  A  N  R  E  I  T  D  H  
   6352 atggatcgactcccgcgagacatcgcgcaagacagaatgcatcat 
        M  D  R  L  P  R  D  I  A  Q  D  R  M  H  H  
   6397 gatattgtgcgtcttattgatgaatacaacctagtgcgcagtcct 
        D  I  V  R  L  I  D  E  Y  N  L  V  R  S  P  
   6442 cccatgcacagcgccccgctctgcaccaccctttccccacccctc 
        P  M  H  S  A  P  L  C  T  T  L  S  P  P  L  
   6487 tgctcccccaatggcttcatgggcaacatgaagccctcggtgcaa 
        C  S  P  N  G  F  M  G  N  M  K  P  S  V  Q  
   6532 agcaaaaaacctcgtaagcccagcactaaaggcatcggctgcaaa 
        S  K  K  P  R  K  P  S  T  K  G  I  G  C  K  
   6577 gacggcaaagatatgaaagtcaaaaagaagaaagcgcaagacgga 
        D  G  K  D  M  K  V  K  K  K  K  A  Q  D  G  
   6622 aagggaaacttattagacagctcggctgttctctctccggtggat 
        K  G  N  L  L  D  S  S  A  V  L  S  P  V  D  
   6667 tccctagagtcgcctcacgggtatatttctgacatcgcctcgcca 
        S  L  E  S  P  H  G  Y  I  S  D  I  A  S  P  
   6712 ccccagatgacatcacccttccaacaatcgccctccatgtcgctc 
        P  Q  M  T  S  P  F  Q  Q  S  P  S  M  S  L  
   6757 aatcagctacagggaatgtcagacaaccacatgggcgtcagccat 
        N  Q  L  Q  G  M  S  D  N  H  M  G  V  S  H  
   6802 cttggaattggcaacaaccaagatctttcccatatacagtttgat 
        L  G  I  G  N  N  Q  D  L  S  H  I  Q  F  D  
   6847 ccattgcctccacgtctcactcatcttccggtggccggatcgaac 
        P  L  P  P  R  L  T  H  L  P  V  A  G  S  N  
   6892 ggttcaaacgtcatgaacggtcaatgcgaatggctagagcggatg 
        G  S  N  V  M  N  G  Q  C  E  W  L  E  R  M  
   6937 catggaagcatggctccgcaaaaccagttcacagccatgagaaac 
        H  G  S  M  A  P  Q  N  Q  F  T  A  M  R  N 
6982 gcctcaggtcaagccaaccttcaccaatcgggcttgatgacgtca 
        A  S  G  Q  A  N  L  H  Q  S  G  L  M  T  S  
   7027 catcacaatggccgccctgccacgctctctcaaatgatgaactat 
        H  H  N  G  R  P  A  T  L  S  Q  M  M  N  Y  
   7072 caaagcatgcagaacacacacctaatgcagcagatgcagcagagc 
        Q  S  M  Q  N  T  H  L  M  Q  Q  M  Q  Q  S  
   7117 atgcagccgcggccccagcagaccggcgtccagctgcagagccag 
        M  Q  P  R  P  Q  Q  T  G  V  Q  L  Q  S  Q  
   7162 agccagaacttcatcgggggtgatctgggtggaccggagctccag 
        S  Q  N  F  I  G  G  D  L  G  G  P  E  L  Q  
   7207 cagagcgcagggaacagcatgtccatccatactataatcccccag 
        Q  S  A  G  N  S  M  S  I  H  T  I  I  P  Q  
   7252 gagacccagctgctcaacccgtcctctctggggtccagcatggcg 
        E  T  Q  L  L  N  P  S  S  L  G  S  S  M  A  
   7297 ggcacgcagttcctgacgccaccttcccagcacagttacactccc 
        G  T  Q  F  L  T  P  P  S  Q  H  S  Y  T  P  
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   7342 gcattggacgccaatactcccaaccaccaacttcaagtgcctgac 
        A  L  D  A  N  T  P  N  H  Q  L  Q  V  P  D  
   7387 caccatcctttcctcacgccatctcccggttctccagaccagtgg 
        H  H  P  F  L  T  P  S  P  G  S  P  D  Q  W  
   7432 tccagctcgtcacccaattccaacatgtccgattggtcggagggt 
        S  S  S  S  P  N  S  N  M  S  D  W  S  E  G  
   7477 atatccagtcctcccaccagcatgcagtcacaaatcggacacatg 
        I  S  S  P  P  T  S  M  Q  S  Q  I  G  H  M  
   7522 cccgagcaattcaagtag 7539    








Figure 4.2 Full length nucleotide and deduced amino acid sequences of notch1b. The 
inframe stop codon at the 5’-UTR, translation start site and stop site are showed in purple, blue 

















Figure 4.3 Cluster alignment of predicted amino acid sequences of Notch1a, Notch1b and Notch3 in zebrafish 
(Danio rerio). The Notch1b amino sequences are 70% and 51% identical to zebrafish Notch1a and Notch3 isoform, 
respectively. Amino acids that are conserved in all species are indicated in asterisks. Conservative changes are 
indicated in colons and semi-conservative substitutions are indicated in dots. Accession no for Notch1a is NP_571516 
and for Notch3 is AAF73197. Small amino acids (A, V, F, P, M, I, L, W) are shown in red colour. Acidic amino acids 
(D, E) are shown in blue colour. Basic amino acids (R, H, K) are shown in magenta colour. Amine amino acids (S, T, 


















Figure 4.4 Loss of Notch3 function in notch1ath35b mutants results in rhombomere boundarydefects. (A) Splice-
donor-site-targeted morpholino oligonulceotides can alter splicing in zebrafish. Splice site targeted by the morpholino 
is indicated by green line. PCR primer combinations are indicated in the blue arrows. Red line indicates the ATG start 
codon site. RT-PCR analysis of notch3 mRNA structure in wild-type and notch3-3-MO injected embryos. Different 
from wild-type embryos, four variants are distinguished in injected embryos. While fragments I ,II and III are different 
splicing products and have a premature stop codon, fragment IV encodes a truncated protein which lost the first 36 
amino acids. (B-C) Hindbrain morphological changes in notch1ath35b mutants injected with notch3 splicing morpholino 
(B, B’) and 5’-UTR morpholino (C, C’) at 25hpf. Note the neural keel structure in the hindbrain part is irregular in both 
morphants. (B’, C’) A higher magnification of boxed region in B and C, respectively. The sequences of the MO are as 
follows: MO-notch3-3-ATCAGTCATCTTACCTTCGCTGTTG; MO-notch3-1-
AATGAATCGGCGATTGAAGCTCCAG. (D-E) confocal microscopic cross sections at hindbrain levels by using 
bodipy ceramide staining technique at 24hpf. Note that rhombomere boundaries can clearly be identified in uninjected 
embryos, whereas the boundaries in r4/r5 is lost in notch1ath35b mutants injected with notch3-MO. Also the irregular 





















Figure 4.5 Loss of Notch3 function in  notch1ath35b siblings causes strong neurogenic defects. Immunostaining with 
α-acetylated tubulin (A-D) and Zn8 antibody (I-L) in 30hpf embryos, Zrf-1 antibody (E-F), and RMO44 antibody (M-
P) in embryos at 44hpf. (A, E, I, K) Wild-type embryo, (B, F, J, N) notch1ath35b mutant embryos, (C, G, K, O) 
notch1ath35b mutant embryos injected with notch3-MO, (D, H, L, P) mibta52b. (A) Immunostaining with α-acetylated 
tubulin recognizing the axonal scaffold in the developing hindbrain and six bilateral transverse axon bundles mark the 
borders between single rhombomeres in wild-type embryos. (B) In notch1ath35b mutants, increased number of axons can 
be observed. (C-D) Strong disorganization of the axonal scaffold within the hindbrain can be observed in notch1ath35b 
mutants injected with notch3-MO (C) and mibta52b mutants. In wild-type (E) and notch1ath35b mutant embryos, cellular 
processes produced by radial glia normally fan out to form parallel sheets that flank rhombomere boundaries. (G, H) In 
notch1ath35b embryos injected notch3-MO or mibta52b mutant embryos, the staining is greatly reduced and radial glia 
form dense tangles with little discernible pattern. The Zn8 antibody recognizes a cell adhesion molecule related to DM-
Grasp and labels the commissural neurons at rhombomere boundaries in wild-type embryos (I) and notch1ath35b 
mutants (J), while the number and positions of commissural axons is highly variable in the whole hindbrain in 
notch1ath35b mutants injected with notch3-MO (K) and mibta52b mutants (L). A pair of mauthner neurons can be 
detected in the r4 region in the wild-type embryos (M), whereas the number of mauthner neurons is increased in (N-P). 
Mostly dramatically populated neurons can be found in mibta52b mutants. Blue circle indicates the otic vesicle position. 










Figure 4.6 Loss of Notch1b function leads to 4th ventricle enlargement. (A) RT-PCR analysis of notch1b mRNA 
structure in wild-type and notch1b-3 MO-injected embryos. Red line indicates the transcription initiation site. Splice 
site targeted by the morpholino is indicated by brown line. PCR primer combinations are indicated in the green arrows 
and their locations are indicated. Note that in notch1b-3-MO injected embryos, a 450 bp splicing products is greatly 
reduced when compared to wild-type embryos, suggesting that notch1b-3 -MO can block the splicing of notch1b to a 
great extent. cyclinB1 is used as loading control.  (B) Similar hindbrain morphological changes in embryos injected 
with either notch1b-1-MO or notch1b-3-MO at 2.5dpf. Note that increased hindbrain ventricle is observed in both MO 






Figure 4.7 Expression of boundary marker her9, foxb1.2, erm, rfx2, pax6 during the hindbrain development. (A-
C) Expression of her9 in 17 hpf (A), 20 hpf (B), 24 hpf (C) embryos. (D-F) Expression of foxb1.2 in 16 hpf (D), 18 hpf 
(E) and 22 hpf (F) embryos. (G-I) Expression of erm, a Fgf signaling downstream marker, in 16 hpf (G), 18 hpf (H) and 
22 hpf (I). Note that the more intensive expression of erm can be detected in the posterior part of the hindbrain. (J-L) 
Expression of rfx2 in 16 hpf (J), 18 hpf (K) and 22 hpf (L) embryos. (M-O) expression of pax6 in 16 hpf (M), 18 hpf 
(N) and 22 hpf (o) embryos. While at early stage not all the rhombomere boundary cells express high level of her9 (A), 
foxb1.2 (D), erm (G), rfx2 (J) and pax6 (M) transcripts, by 24hpf increased expression level of her9 (C), foxb1.2 (F), 
erm (I), rfx2 (L) and pax6 (O) can be observed in all the rhombomere boundaries. (L) Lateral view, all the rest are 
dorsal view, anterior to the left.   






Figure 4.8 Notch3 and Notch1a together antagonize Notch1b in regulating neurogenesis and rhombomere 
boundary formation.  Expression of rfng (A-A’’), her9 (B-B’’), ngn1(C-C’’), huC (D-D’’) and evx1(E-E’’) in wild-
type (A, B, C, D), notch1ath35b mutants injected with notch3-MO (A’’, B’’, C’’, D’’) and notch1b morphants (A’, B’, 
C’, D’) at 24 hpf. Dorsal views with anterior toward to the left. Expression of rfng (A’’) and her9 (B’’) is reduced in 
notch1ath35b mutants injected with notch3- MO, compare to that in wild-type embryos (A,B). On the contrary, the 
expression of rfng (B’) and her9 (C’) is strongly induced in non-boundary cells in notch1b- MO injected embryos. 
ngn1 is expressed in the proneurons in wild-type embryos (C) and huC is a pan-neuronal marker which is expressed in 
the postmitotic neurons in wild-type embryos (D). Cells expressing of ngn1 (C’) and huC (D’) is greatly reduced in 
notch1b-MO injected embryos, whereas number of cells expressing ngn1( C’’) and huC (D’’) is augmented 
dramatically in notch1ath35b mutants injected with notch3-MO. (E,E’) Cells expressing evx1, an inter-neuronal marker, 




Figure 4.9 Expression of dachsous1a and dachsous1b are affected differentially in the notch1b morphants and 
notch1ath35b mutants injected with notch3-MO. (A-C) High expression level of dachsous1a can be detected in the 
rhombomere boundaries at 17 hpf (A), 20 hpf (B) and 24 hpf (C, C’). C’ is the lateral view of embryo in C. Note that 
the progressively refinement of dachsou1a expression in the rhombomere boundaries. (D, E) dachsous1b is expressed 
in non-boundary cells at 20 hpf (D) and 24 hpf (E). (F-K) Embryos at 24 hpf. The expression of dachsous1a is reduced 
dramatically in the mibta52b mutants (F) and to a less extent in the notch1ath35b mutants injected with notch3-MO. (I, J) 
Expression of dachsou1b is increased pronouncedly and also expanded into the boundary region. (H) Expression of 
dachsous1a is increased substantially in notch1b-MO injected embryos, whereas the expression of dachsous1b is weak 









Figure 4.10 Overexpression of activated Notch1a promotes glia formation at the expense of neuron formation. 
(A) Immunostaining with Zrf-1 antibody (green colour) and in situ hybridization of notch1a (red colour) in a wild-type 
embryo at 2 dpf. Note that the expression of notch1a is co-localized with Zrf-1 staining, which labels the radial glia 
cells at rhombomere boundaries. (B-K) Embryos are heat-shocked at 28 hpf and fixed at 2 dpf. (B-C) Immunostaining 
of radial glia with Zrf-1 antibody at wild-type (B, B’) and hsp70:Gal4;UAS:myc-notch1a-intra embryos (C, C’). (B’, 
C’) Y projections of Zrf-1 staining in B and C correspondingly. Note that after overexpression of activated Notch1a, 
Zrf-1 staining is increased to a great extent in the lateral part. (D, E) Immunostaining with Zna-1 antibody in at wild-
type (D) and hsp70:Gal4;UAS:myc-notch1a-intra (E) embryos at 2dpf. Note that the Zna-1 antibody labels a ladder-
like array of axons throughout the hindbrain and the labelled commissures cross near the segment boarders in wild-type 
control embryos (D), whereas the neuronal fibers are overpopulated in the heat-shocked embryos (E).  (F-K) in situ 
hybridization of wild-type (F, H, J) and hsp70:Gal4;UAS:myc-notch1a-intra embryos (G, I, K). (F, G) Expression of 
huC, (H, I) expression of ngn1 and (J, K) expression of glyT1. huC is expressed in the cells adjacent rhombomere 
boundaries in wild-type control (F) at 2dpf and is down-regulated in the lateral part of the hindbrain in heat-shocked 
embryos. Note that the expression level of proneuronal marker ngn1 is also down-regulated in heat-shocked embryos. 
glyT1 is expressed in the rhombomere boundaries in 2 dpf wild-type embryos (J). (K) glyT1 expression in hindbrain is 
expanded in heat-shocked embryos compared with that in wild-type controls. 
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Chapter 5  
Wnt signaling in the rhombomere boundary formation 
 
5.1 Summary 
In addition to Notch signaling pathway, Wnt signaling is also shown to be involved in the 
rhombomere boundary formation. Recent work has revealed that Notch activation in boundary 
cells is required for the high expression level of wnt1 in non-boundary cells, which is necessary 
for the induction of proneural genes in the non-boundary cells. Therefore, it suggested that that 
these two pathways might interplay with each other in the rhombomere boundary formation. 
However, what are the common components involved in the interplay remains unknown. In this 
study, we showed that components of the Wnt pathway were expressed at high level in boundary 
cells. Knock-down frizzled7b led to ectopic expression of boundary cell markers in the non-
boundary regions of the hindbrain, indicating that Frizzled7b might be one of the Wnt pathway 
receptors involved in the zebrafish rhombomere boundary formation. In addition, our 
immunoprecipitation results showed that Mib could interact with Wnt1, Wnt4 and Wnt8b. 
Moreover, in vitro ubiquitination assay further suggests that Mib can promote the ubiquitination 
of Wnt proteins. 
 
5.2 Results 
5.2.1 Expression of Wnt pathway genes in the rhombomere boundaries 
To further confirm that Wnt signaling is involved in the rhombomere boundary 
formation, we first tried to analysis what are the components in the Wnt signaling pathway 
expressed in the rhombomere boundaries. Similar as described before, wnt1, wnt4, wnt10b and  
wnt3a were expressed at high levels in the rhombomere boundary cells and their expression 
refinement was accompanied by that of delta genes (fig. 5.1A-F) (Lekven et al., 2003; Riley et 
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al., 2004; Amoyel et al., 2005). Also cyclinD1 (fig. 5.1I), a known downstream transcriptional 
target of Wnt1 signaling associated with cell proliferation of spinal cord was expressed at 
elevated levels in hindbrain boundaries (Amoyel et al., 2005).  In addition to that, we found that 
two Wnt downstream targets (c-myc and n-myc) were expressed at high levels in rhombomere 
boundaries at 24 hpf (Fig. 5.1G,H).  The expression of n-myc was also detected at low levels in 
non-boundary cells except the r4 region. By contrast, the expression of c-myc was weak in the 
anterior part of the hindbrain when compared to the posterior part of hindbrain. 
 
5.2.2 Impairment of rhombomere boundaries in the Frizzled7b-deficient embryos 
Previous works have shown that wnt3a, wnt8b, wnt1 and wnt10b are the ligands that play 
a redundant role in the rhombomere boundary formation/maintenance. Therefore, we tried to 
identify receptors which might be involved in rhombomere boundary formation. It has been 
reported that frizzled7b encodes one of the Wnt signaling pathway receptors and is distributed 
widely in the hindbrain (Ungar and Calvey, 2002). We decided to check whether loss of 
frizzled7b function would cause any boundary defects. In frizzled7b morphants, the hindbrain was 
irregular and the body was shortened (fig. 5.2A,A’). As reported before, wnt1 was expressed in 
elevated levels in the rhombomere boundaries and deltaA was expressed in the non-boundary 
cells in wild-type embryos (fig. 5.2F,H). By contrast, not only the expression pattern of deltaA 
(n=22/23) and wnt1 (n=36/39) was disorganized, but also ectopic expression in patches in the 
hindbrain margin could be detected in frizzled7b-MO injected embryos (fig. 5.2G,I). In addition, 
we found that expression of rfng (n=52/55) and foxb1.2 (n=54/55) was expanded into non-
boundary region, indicating that more non-boundary cells were converted into boundary cells 
(fig. 5.2B,C,D,E). This marker expression change was similar to that in tcf3b-MO injected 
embryos (n=34/34) (fig. 5.2J). Tcf3b is a mediator of Wnt signaling pathway and has been shown 
be required for the rhombomere boundary formation (Dorsky et al., 2003; Amoyel et al., 2005). 
Taken together, Frizzled7b could be a receptor involved in the rhombomere boundary formation. 
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5.2.3 Mib can interact and ubiquitinate Wnt1, Wnt4 and Wnt8b. 
As loss of combination of several Wnt proteins have been shown to result in the 
disruption of rhombomere boundaries similar to mib mutants, therefore it is of interest to ask 
whether Mib can interact with Wnt proteins or not. Here we used in vitro GST-pull down assays 
to test whether Mib could interact with Wnt, Wnt4 and Wnt8b. GST fusion proteins containing 
either the full-length Wnt1, Wnt4, Wnt8b or GST-vector were produced and isolated. The full-
length Mib protein was translated in vitro and incubated with equal amounts of the various GST-
Wnt fusion proteins. The full-length Wnt1, Wnt4 and Wnt8b showed an interaction with 35S-
methionine-labelled full-length Mib proteins (Fig. 5.3 lanes 2, 3, 6). In contrast, there was no 
retention in the samples with GST-vector only (Fig. 5.3 lanes 1, 5). These data demonstrate that 
the Mib can interact with Wnt1, Wnt4 and Wnt8b in the in vitro assay. 
To further confirm that Mib can interact with Wnt1, Wnt4 and Wnt8b protein in cells, co-
immunoprecipitation assays were carried out to detect possible protein complex. Initially, we co-
transfected FLAG-tagged Mib(N1.4), Mib(ta52b), Mib(full length), Mib(ANK) or Mib(RF123) 
together with Myc-tagged Wnt1, Wnt4 or Wnt8b in COS7 cells. Whole cells lysates containing 
FLAG-tagged and Myc-tagged proteins were immunoprecipitated with an anti-FLAG antibody. 
As shown in fig. 5.3, FLAG-tagged Mib(N1.4), Mib(ta52b), Mib(full length), Mib(ANK) and 
Mib(RF123) were detected in all the  anti-FLAG immunoprecipitates. However, Myc-tagged 
Wnt1, Wnt4 and Wnt8b could only be detected in the anti-FLAG immunoprecipitates containing 
Mib(N1.4) (Fig. 5.4B lanes 2, 8, 14), Mib(ta52b) (Fig. 5.4B lanes 3, 9, 15), Mib(full length) (Fig. 
5.4B lanes 4, 10, 16) or Mib(ANK) (Fig. 5.4B lanes 5, 11, 17), but not Mib(RF123) (Fig. 5.4B 
lanes 6, 12, 18). This is consistent with the results that only Mib(RF123) does not contain the 
ANK-repeat binding domain. Taken together, Mib can interact the Wnt1, Wnt4 and Wnt8b 
protein. 
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As a ubiquitin ligase, Mib can interact with the intercellular domain of Delta to promote 
its ubiquitination and internalization (Itoh et al., 2003). We next examined whether that Mib 
could promote the ubiquitination of the Wnt pathway ligands Wnt1, Wnt4 and Wnt8b. 
Accordingly, a 35S-labeled, Myc-tagged form of Wnt proteins was added to in vitro ubiquitination 
assay in the presence of ubiquitin-activating and –conjugating enzymes (E1 and E2 UbcH5B). 
These in vitro ubiquitination reactions were analyzed by SDS-PAGE and subjected to 
autography. When Mib(ANK+RF123) was used as the putative E3 ligase, smear and slow-
migrating material was detected. Interestingly, a few faint bands were barely visible, suggesting 
ubiquitination of different Ub numbers (Fig. 5.5 lanes 3, 7, 11). By contrast, when the same assay 
was formed using GST-vector (Fig. 5.5 lanes 1, 5, 9) or GST-Mib(ANK) (Fig. 5.5 lanes 2, 6, 10) 
as control protein, no shift in their migration was observed following in vitro ubiquitination. 
These results indicate that Mib can ubiquitinate of Wnt1, Wnt4 and Wnt8b in the in vitro system. 
 
5.3 Discussion 
Previous studies have shown that Wnt1 and Wnt10b are expressed in elevated level in 
rhombomere boundaries (Lekven et al., 2003). We did further studies and discovered that the 
refinement of wnt1 and wnt10b expression in rhombomere boundaries started from the 17hpf. 
Recent works has further confirm and extend these finding demonstrating a similar requirement 
for Wnt signaling in boundary formation (Dorsky et al., 2003; Amoyel et al., 2005; Riley et al., 
2004). The Dorsky study showed that knockdown tcf3b, a Wnt signaling mediator results in the 
ablation of boundaries and Riley et al. further demonstrated that partial disruption of Wnt 
signaling by knockdown of wnt3a and wnt8b in Dfw5 mutants resulted in the disruption of 
boundaries. Different from that, Amoyel et al. proposed that Wnt signaling functions in 
preventing the spreading of boundaries and loss of tcf3b results in the expansion of boundaries 
instead of loss of boundaries. In tcf3b knockdown embryos we also observed expansion of 
boundary marker foxb1.2 instead of the absence and thus we favor the explanation that Wnt 
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signaling is involved in the inhibition of boundaries. As tcf3b and wnt1 are all canonical Wnt 
signaling components, this leads us to propose that Wnt signaling involvement in rhombomere 
boundary formation is mainly through the canonical Wnt pathway. In vertebrates, Stbm/Vang is 
proposed to function downstream of Wnt and Frizzled to activate the PCP pathway and hence 
mediates polarization of distinct movement behaviors (Jessen et al., 2002). Despite the defects in 
branchiomotor neuron migration, we did not observed boundary defects at tribolite/stbm mutants 
at 24 hpf (data not shown), suggesting that the non-canonical pathway is less likely to be involved 
in the rhombomere boundary formation. 
Although Wnts have been implicated in boundary formation by the restriction of 
boundary spreading, what are the receptors remained unknown. Following injection of the 
frizzled7b-MO, we observed boundary expansion and also observed ectopic wnt1 expression. 
Therefore we predict that frizzled7b might affect the genes involved in the boundary formation. 
As at least frizzled10 is also expressed in the hindbrain (Nasevicius and Ekker, 2000) and a 
number of Sfrps can also bind to Wnt ligands and consequently modulate Wnt signaling (Pezeron 
et al., 2006), we need do further investigation to test whether Frizzled7b is the main or sole 
receptor involved in the boundary formation. 
Our observation together with several studies have suggested that Wnt signaling might 
interact with Notch signaling involved in the rhombomere boundary formation by regulating 
neurogenesis (Amoyel et al., 2005; Riley et al., 2004). Although originally Presenilin-1 was 
identified as a part of the γ-secretase complex involved in the proteolytic processing of Notch 
(Struhl and Greenwald, 1999), it has also been shown to interact with members of the armadillo 
family of proteins, including β-catenin (Levesque et al., 1999). Moreover, Dishevelled protein 
(Dsh), the fly homologue of mammal Dvl in the Wnt sinaling pathway, interacts with Notch to 
connect both signaling pathways (Axelrod et al., 1996). More recently Nrarp was shown to be 
both an inhibitory component of the Notch signaling pathway and a positive regulator in the Wnt 
signaling pathway in the modulation of neural-crest-cell differentiation by regulating LEF-1 
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protein stability (Ishitani et al., 2005). In the mibta52b mutant, wnt expression is more severely 
disturbed than that in the mibtfi91 mutant, and driving wnt1 expression using a heat-shock 
construct partially rescues metameric patterning in mibta52b mutants (Riley et al., 2004). 
Therefore, we proposed that Mib might be a common component between Notch and Wnt 
signaling pathway besides Presenilin-1, Dsh and Nrarp. Our biochemical data confirms that Mib 
can interact with Wnt1, Wnt4 and Wnt8b in cell culture assay and Mib can ubiquitinate these Wnt 
proteins in the in vitro assay. 
Previous studies have proposed that the elevated expression of Wnt in boundary cells 
enables neuronal differentiation and hence inhibits the spread of boundary marker expression 
(Amoyel et al., 2005). In addition, the expression of delta genes is also required in the regulatory 
loop via lateral inhibition. As the expression of mib is downregulated in boundary cells at 24 hpf 
and conversely the Wnt ligands are expressed at high level in the boundary region, this finding 
raises the possibility that Mib might control the Wnt activity gradient by regulating the diffusion 
or stability of Wnt ligands. Therefore we propose that in addition to being an essential component 
in the Notch signaling pathway, Mib can regulate the Wnt ligand turnover in non-boundary cells 
through interaction with Wnt proteins. After Wnt is secreted and diffused from the roof-plate 
cells, it is taken up by endocytosis and Mib can adjust their level in cells through ubiquitylation-
dependent protein degradation. Therefore it ensures high levels in the boundary cells and hence 
refines the width of the boundary into two-cell widths. Further investigation needs to be done to 










Figure 5.1 Expression of Wnt pathway markers at hindbrain boundaries. Expression of wnt1 (A) and wnt10b (D) 
are restricted to boundaries at 17 s and are further refined at 24 hpf (B, E).  Also shown that high expression level of 
wnt4 (C) and wnt3a (F) are detected in the rhombomere boundaries. (G-I) reveal that transcripts of canonical 
downstream targets of Wnt signaling, such as n-myc (G), c-myc (H) and cyclinD1(I) are also present at high levels in 





























Figure 5.2 Loss of Frizzled7b function affects brain morphogenesis. (A-I) Embryos at 24 hpf, (A,A’) are lateral 
view with anterior to the top, (B-I) are dorsal views with anterior to the left. (A) Morphology of Frizzled7b-deficient 
embryos at 24 hpf. Note the irregular hindbrain shape in the frizzled7b MO-injected embryos (arrowhead), when 
compared with that of wild-type embryos (A’). (B) foxb1.2 is normally expressed in elevated level in the ventral 
rhombomere boundaries. (C) In frizzled7b-MO injected embryos, the foxb1.2 expression is uniform and no enhanced 
boundary expression is visible. Ectopic rfng expression is induced in non-boundary cells in frizzled7b-MO (E) or tcf3b-
MO (J) injected embryos. Note that in wild-type only cells in rhombomere boundaries display high level of rfng 
expression (D). (G) Transcripts of deltaA are disorganized in frizzled7b morphants, while in wild-type embryos 
expression of deltaA is detected in the hindbrain excluding the boundaries (F). (H) Wild-type embryos show enhanced 
wnt1 expression in rhombomere boundaries. (I) wnt1 expression is disorganized following frizzled7b MO injection, and 







Figure 5.3 In vitro interactions between Mib with Wnt1, Wnt8b and Wnt4. Equal amounts of GST-Wnt1 (lane2), 
GST-Wnt8b (lane3), or GST-Wnt4 (lane6) were used to pull down in vitro translated 35S-methionine-labeled Mib. GST 
alone (lane1 and lane 5) were used as negative control and in vitro translated 35S-methionine-labeled Mib (lane4 and 











Figure 5.4 Physical interactions between Mib and Wnt1, Wnt4 and Wnt8b protein in COS7 cells. A. schematic 
drawing of Flag-tagged Mib contructs. B, interaction between Mib and Wnt1, Wnt4 and Wnt8b. COS7 cells were 
transfected with CS2+-Myc-Wnt1 (lane 1-6), CS2+-Myc-Wnt4 (lane7-12), or CS2+-Myc-Wnt8b (lane13-18) together 
with CS2+-FLAG vector (lane1,7,13), or CS2+-FLAG-Mib(N1.4) (lane2,8,14), or CS2+-FLAG-Mib(full length) 
(lane3,9,15), or CS2+-FLAG-Mib(ta52b) (lane 4,10,16), or CS2+-FLAG-Mib(ANK) (lane5,11,17), or CS2+-FLAG-
Mib(RF123) (lane6,12,18). Cell lysates were then immunoprecipitated with anti-FLAG antibody and the 
immunoprecipitation elutions were analyzed by western blotting with either anti-FLAG antibody (panel A) or with 
anti-Myc antibody (panel B). Note that Wnt1, Wnt4 and Wnt8b all can interact with Mib(N1.4), Mib(full length), 







Figure 5.5 Mib promotes Wnt1, Wnt4 and Wnt 8b ubiquitination in vitro. Reactions containing 35S-labeled Myc-
Wnt1 alone (lane4), or along  with GST only (lane1), or with GST fused to Mib(ANK) (lane 2) , or with GST fused to 
Mib(ANK+RF123) (lane3), were subjected to atuoradiography to detect 35S-lableled Myc-Wnt1. Reactions containing 
35S-labeled Myc-Wnt8b alone (lane8), or along  with GST only (lane5), or with GST fused to Mib(ANK) (lane 6) , or 
with GST fused to Mib(ANK+RF123) (lane7), were subjected to atuoradiography to detect 35S-lableled Myc-Wnt8b. 
Reactions containing 35S-labeled Myc-Wnt4 alone (lane12), or along  with GST only (lane9), or with GST fused to 
Mib(ANK) (lane 10) , or with GST fused to Mib(ANK+RF123) (lane11), were subjected to atuoradiography to detect 
35S-lableled Myc-Wnt4. Slower migrating material was detected in reaction sample containing Mib(ANK+RF123),  



















Chapter 6  
Loss of Cntfrα results in p53-dependent rhombomere boundary expansion 
 
6.1 Summary 
In addition to the Notch signaling, Cntf signaling is also participated in the differentiating 
multi-potent cells into specific neurons and glia cells in the center nervous system development. 
Cntf is a cytokine that promotes the differentiation and survival of various cell types such as 
motor neurons. In the Cntf signaling, Cntf binds to a receptor complex containing Lifr and Cntfrα 
to exert its biological effects. Here we identified a full-length cntfrα and demonstrated that cntfrα 
was expressed in elevated level in the rhombomere boundary cells. Knock-down cntfrα led to 
expansion of rhombomere boundary markers such as rfng, and mild decrease in cell proliferation 
by 24 hpf. In addition, glial cell formation was impaired and primary neuron migration was 
affected. Furthermore, dramatic increase in cell death by TUNEL staining was observed in cntfrα-
MO injected embryos, indicating that cntfrα is required for the cell survival in hindbrain. p53 is a 
transcription factor and is expressed at high level in the apoptosis cells. Interestingly, we found 
that injecting p53-MO could inhibit both the cell death and boundary expansion in cntfrα-MO 
injected embryos. Mib is an E3 ligase in the Notch signaling pathway and mibtfi91 is a null allele, 
displaying rhombomere boundary disruption. In mibtfi91 mutants injected with cntfrα-MO a 
complicated marker expression changes that was distinct from either cntfrα morphant or mibtfi91 
mutant were observed, suggesting Cntf signaling interplays with Notch signaling in regulating 
neurogenesis and boundary formation. 
 
6.2 Results 
6.2.1 Clone of full-length cntfrα gene 
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We used 3’-RACE to screen a cDNA library from 24 hpf zebrafish embryos with primers 
derived from a partial clone of cntfrα. By performing RT-PCR on the same library, we obtained a 
full-length open reading frame from cntfrα (fig. 6.1). The amino acid sequence of zebrafish cntfrα 
is 57%, 50% and 50% identical to chick, mouse and human homologues, respectively (fig. 6.2). 
The N-terminal part of Cntfrα contains an IGc2 domain while the C-terminal part contains a FN3 
(fibronection type 3) domain. 
 
6.2.2 Expression of cntfrα in wild type zebrafish embryos 
To determine the expression pattern of cntfrα mRNA, whole-mount in situ hybridization 
was performed at several time points throughout the development. By RT-PCR analysis, we 
revealed that cntfrα was not expressed until tail-bud stage (fig. 6.3A). By 8 s stage, a weak 
expression could be detected at the anterior hindbrain (fig. 6.3B). From 14 s the expression was 
progressively refined and by 22 hpf an increased level of cntfrα transcripts could be observed in 
the rhombomere boundaries (fig. 6.3D,F). The high expression level in the boundaries could also 
be observed in embryos at 27 hpf (fig. 6.3G,H). However, low expression level was always 
detected in the hindbrain non-boundary cells. Expression could also be detected in pronephrous 
mesoderm, midbrain and adaxial cells (fig. 6.3D,E). 
 
6.2.3 Mopholino-induced blocking of cntfrα in vivo 
In order to determine the cntfrα knock-down phenotype, we designed two morpholinos 
targeting against the cntfrα. One was ATG morpholino and the other was splicing donor-site-
targeted morpholino. Before that we analyzed the genomic structure of cntfrα and 9 exons were 
identified. A donor-site-target morpholino was designed (fig. 6.4A) and RT-PCR was used to test 
this morpholino effect. In uninjected embryos, only one band was observed while in embryos 
injected with 0.5 pmol cntfrα-MO one more splicing variant was detected. Sequence analysis 
revealed that it lacked the exon2 and thus had 80 bp difference from the wild type one (fig. 
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6.4.B).  When we increased the injection dosage to 1.0 pmol, the proportion of splicing variant 
was increased dramatically. Additionally, when we injected with either ATG morpholino or 
splicing-targeted morpholino, a similar phenotype of hindbrain ventricle enlargement was 
observed in both cases. Thus these results suggested that knockdown phenotype was consistent by 
these two morpholino injections. 
 
6.2.4 Loss of cntfrα results in rhombomere boundary expansion  
Previous study has suggested that cntfrα signaling can promote a range of cell type 
differentiation together with Notch signaling pathway (reviewed by Morrison, 2001). As cntfrα 
was expressed in elevated level in rhombomere boundaries, we therefore suspected that it might 
also be involved in the boundary cell fate decision. In wild type embryo, high expression level of 
rfng was detected in the rhombomere boundaries, whereas in the embryos injected with cntfrα-
MO, expanded expression was detected in rhombomeres except in the r4 (n=86/92) (fig. 
6.5A,A’). Similar results were got by using foxb1.2 as a boundary marker (data not shown). 
cyclinD1, a known down-stream target of Wnt pathway, was also expressed at elevated level in 
boundary cells and at lower level in non-boundary cells in wild type embryos in 24 hpf. In cntfrα 
knockdown embryos, the expression level was greatly increased (n=48/50) (fig. 6.5B,B’). These 
results suggested that in cntfrα MO injected embryos Wnt signaling was up-regulated. Cdkn1c is 
a p57 homolog, is negatively regulated by Delta-Notch signaling and that Cdkn1C function is 
required for neural plate cells to stop dividing and differentiate as neurons on schedule, even in 
the absence of Notch signaling activity (Park et al., 2005). In wild type embryos, cdkn1C was 
expressed at high level in non-boundary cells, with stronger expression seen at lateral locations 
(fig. 6.5C). In cntfrα-MO injected embryos, the expression was down-regulated significantly 
except in r4 region (n=30/34) (fig. 6.5C’). This result suggests that more cells are inhibited from 
the cell-cycle exist and adopt a boundary cell fate instead of non-boundary cell fate. Using PH3 
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antibody we found that the cell proliferation rate was slightly reduced in cntfrα morphants and the 
distribution pattern was more scattered (fig. 6.5D,D’). 
 
6.2.5 Regulation of neurogenesis and gliogenesis in the hindbrain by Cntf signaling 
Mice lacking Cntfrα die shortly after birth and exhibit profound deficits in all motor 
neuron populations examined, suggesting that Cntfrα does indeed play a critical role in the 
developing nervous system (DeChiara et al., 1995). Then we wondered whether a similar effect 
would be found in the zebrafish cntfrα morphants. Therefore we decided to examine the 
gliogeneis and neurogenesis between the uninjected and injected embryos. In cntfrα-MO injected 
embryos, we found that the expression of deltaA was down-regulated in hindbrain except in r4 
(n=64/65), whereas in wild type embryos deltaA was expressed at high level in cells adjacent to 
the rhombomere boundaries (fig. 6.6A,A’). This result implied that neurogenesis was blocked in 
the hindbrain except in the r4 region.  
Next we tested the effect on primary neuron formation in the cntfrα MO injected embryos 
by examining the islet-1 expression. Although the number of primary neurons in cntfrα-MO 
injected embryos was comparable to that in wild type embryos, we detected the impairment of 
neuron migration and some even migrate to the dorsal part of the hindbrain (n=32/46) (fig. 
6.6E,E’,E’’). As glia cells were required for the correct neuron migration route, we further 
analyzed the effect on gliogenesis by using glial fibrillary acid protein (GFAP) as a marker. We 
found that following cntfrα knockdown, gfap-expressing glial cells that were located adjacent to 
hindbrain boundaries in uninjected embryos were now ectopiclly formed in the other non-
boundary cells (n=33/33) (fig. 6.6C,C’). Furthermore, the expression pattern of another 
intermediate filament marker vimentin was also disorganized (n=38/38) (fig. 6.6B’). vimentin was 
normally expressed in the neuronal and glial filaments in the zebrafish hindbrain (fig. 6.6B). In 
addition, we compared the expression pattern of huC between uninjected and cntfrα-MO-injected 
embryos by 50hpf. Surprisingly, we found that the expression level of huC was upregulated 
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(n=64/66), while in uninjected embryos huC expression was only detected in cells adjacent in the 
rhombomere boundaries (fig. 6.6D,D’). Based on the study we proposed that in cntfrα-MO-
injected embryos the overpopulated boundary cells later exit from the undifferentiated state and 
mature into neurons.  
 
6.2.6 Developmental defects observed in Cntfrα -deficient zebrafish embryos are caused by 
a massive cellular apoptosis and is p53-dependent 
Embryos injected with either cntfrα ATG morpholino or with morpholino targeting at the 
splicing site all appeared normally before TB stage. By 20 hpf an opaque region containing dead 
cells appeared in the developing hindbrain of cntfrα morphants, which was clearly distinguishable 
from phase-bright hindbrain in uninjected embryos (fig. 6.8D). To examine whether the increased 
apoptotic activity was correlated with this apparent cell death, we analyzed the embryos for 
TUNEL-positive cells. In Cntfrα deficient embryos, dramatic increases in apoptotic cells 
distributed throughout the head was observed in these embryos at 24 hpf (fig. 6.8B). In control 
embryos, apoptosis was not observed at 24 hpf and only few scattered apoptotic cells was seen 
distributed throughout the embryos (fig. 6.8A). 
Next semiquantitative reverse transcriptase PCR (RT-PCR) was performed on RNA 
extracted from morpholino-injected embryos to determine the expression of zebrafish p53, p21, 
mdm2 and bax, relative to β-actin as a control. Upregulation of p53 and p21 were obvious in 
Cntfrα -deficient embryos, when compared to wild type embryos (fig. 6.7A). In addition, 
downstream targets of the p53 pathway, mdm2 and p21, were also correspondingly upregulated in 
cntfrα-MO-injected embryos. To further confirm this, we carried out the in situ hybridization to 
test the expression level of p53 and mdm2 in cntfrα-MO-injected embryos. Consistent with these 
data, we found that in the injected embryos we found that the expression level of p53 and mdm2 
were increased dramatically (n=29/29, 32/32 respectively) (fig. 6.7B,C,D,E). However, bax, a 
downstream target of p53 involved in the p53-mediated apoptotic pathway, was not 
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transcriptionally regulated in the cntfrα-MO injected embryos. These results suggest that in the 
absence of Cntfrα, a p53-driven apoptotic pathway is activated, leading to the observed increase 
in TUNEL-positive cells. 
Langheinrich and coworkers showed that the injection of a p53-specific morpholino 
specifically blocks the translation of the zebrafish p53 protein and inhibits the p53-dependent–
induced apoptosis (Langheinrich et al., 2002). Therefore we co-injected p53-MO together with 
cntfrα-MO into one-cell to four-cell stage embryos. Interestingly, we found that p53-MO and 
cntfrα-MO coinjected embryos exhibited the same developmental morphology as the wild type 
embryos (fig. 6.8E). No opaque region was detected in the co-injected embryos. To assay levels 
of apoptosis associated with these combined morpholino injections, embryos were examined by 
TUNEL assay. We found that the co-injeciton of p53-MO with cntfrα-MO resulted in a dramatic 
decrease in cellular apoptosis back to wild type levels (fig. 6.8C). 
To further analyze whether the boundary defects was rescued in the embryos coinjected 
with p53- and cntfrα- MO, we checked the expression of rfng. To our surprise, the expression of 
rfng was now restored to the wild type like pattern, only displaying elevated level in the 
rhombomere boundaries (n=46/52) (fig. 6.8F,G). This result suggests that lack of p53 inhibits the 
conversion of non-boundary cell to boundary cell in cntfrα-MO injected embryo. Next when we 
analyzed the deltaA gene expression pattern, we found that the expression level was restored and 
again systemically expressed in non-boundary cells adjacent to the rhombomere boundaries 
(n=46/46) (fig. 6.8H,I).  
 
6.2.7 Cntf signaling can interplays with Notch signaling in regulating neurogenesis and 
boundary formation 
In mib mutants inhibition of Notch activation resulted in the lost of boundary cells, 
whereas more boundary cells were formed at the cntfrα-MO injected embryos (fig. 6.9A,B,C). 
Therefore we tried to find out whether blocking Cntf signaling could prevent the premature 
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differentiation in boundary cells at mib mutants. Indeed, more boundary cells were formed in 
mibtfi91 mutants injected with cntfrα-MO (n=10/10) (fig. 6.9D). However, the intensity was not 
identical to that in cntfrα-MO injected embryos, suggesting that blocking Cntf signaling could 
only partially inhibit the neurogeneis phenotype in mibtfi91 mutants. Next, we investigated the 
neuron effects in cntfrα-MO injected mibtfi91 embryos by analyzing ngn1 maker expression 
changes. In cntfrα-MO injected embryos, the ngn1 expression area was reduced, while in mibtfi91 
the ngn1 expression was very weak and chaotic (fig. 6.9E,F,G). However, the expression of ngn1 
was increased with the exception in r4 region mibtfi91 mutants injected with cntfrα-MO (n=21/21) 
(fig. 6.9H). 
In cntfrα-MO injected embryos, glial formation was affected by using gfap as a marker. 
Embryos injected cntfrα MO also displayed lower staining level of Zrf-1 antibody in the 
hindbrain except in the r4 (fig. 6.9J). In mib mutant embryos, it has been shown that the glial 
formation was also decreased due to the depletion of early neuronal pool. Zrf-1 staining in mibtfi91 
mutant embryos revealed that the staining pattern was scattered and down-regulated (fig. 6.9K). 
In wild type embryos, the Zrf-1 stained the non-boundary cells adjacent to the rhombomere 
boundaries (fig. 6.9I). Interestingly, when we injected the cntfrα MO into mibtfi91 mutants, some 
strong ectopic Zrf-1 staining cells appeared near the midline region (fig.6.9L). This suggests that 
Cntfrα signaling might work together with the Notch signaling pathway in gliogenesis.  
 
6.3 Discussion 
It has been reported that Cntfrα knock-out mice die shortly after birth and exhibit 
profound deficits in all motor neuron population examined (DeChiara et al., 1995). In our study 
we found the primary neuron formed normally but failed to migrate to their correct position in the 
cntfrα knock-down embryos. In addition, glial cell differentiation was affected by using Zrf-1 
staining or gfap expression as a glial marker. Moreover, we found that the late neurogenesis was 
promoted by checking the huC expression. All the knock-down embryos died after 5dpf. 
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Therefore we propose that unlike the mammals, in zebrafish cntfrα is more involved in the glia 
formation and late neuron migration at embryonic stage. However, it remains possible that there 
are more than one cntfrα in zebrafish. 
After Cntfrα forms a heterodimer with Lifrβ and gp130, it can transduce Cntf signaling 
and hence activate the JAK-STAT signaling cascade (Taga and Kishimoto, 1997). In the mouse 
developing ventral forebrain, Cntf signaling is necessary and sufficient to promote the self –
renewal/expansion of a subpopulation of ventricular zone precursors and it implicates that Cntf 
signaling may be acting upstream of Notch1 or in coordination with Notch1 signaling to maintain 
the precursor cell fates (Kamakura et al., 2004; Gregg and Weiss, 2005). In zebrafish cntfrα was 
expressed in elevated level in the rhombomere boundary cells and the boundary cell was a group 
of later differentiated cells. Therefore we suspect that at early stage cntfrα is also involving in the 
maintaining in the cell fates together with Notch and Wnt signaling. In zebrafish the boundary 
and roof plate expression of wnt1 has been shown to upregulate the proneural and delta gene 
expression and neurogenesis in non-boundary regions, which in turn blocks ectopic boundary 
marker expression (Amoyel et al., 2005). In cntfrα knock-down embryos, we found that boundary 
marker expression changes are similar to that in tcf3b-MO- or wnt1-MO-injected embryos. 
Therefore, we favoured that high Cntf signaling might be required for the neurogenesis in the 
non-boundary cells adjacent to the boundary cells. However, the detailed mechanism is still 
unknown and remained to be further explored. 
With regards to the Cntf ligand, we identified an IL-6 subfamily-like cytokine M17. 
However we failed to detect any transcriptional expression in the 1day to 2day old embryos. In 
mice Cntf is normally expressed at very low levels in embryos, whereas it is abundant stored 
inside of adult glial cells and released by injury (Sendtner et al., 1994). This might account for the 
reason why we could not detect it and using morpholino knock-down M17 in zebrafish might 
give us the answer. In addition to Cntf, neuropoietin (NP) and cardiotrophin-like cytokine (CLC) 
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has been demonstrated to be ligands for Cntfrα. Therefore, other unidentified ligand is needed to 
be further identified.  
Cntf signaling has been shown to promote the differentiation and survival of a wide range 
of cell types in the peripheral and central nervous system and sustains the survival of motor 
neurons s in vitro and in vivo ( Sendtner et al., 1994; Arakawa et al., 1990; Oppenheim et al., 
1991). Thus it is not surprising to find out that cntfrα knock-down embryos display very severe 
cell apotosis in the hindbrain region. However, interestingly we found that p53-mediated 
apoptotic pathways played an important role in the rhombomere boundary defects observed in 
Cntfrα-deficient embryos. Injected p53-MO could completely rescue the developmental 
abnormalities observed in Cntfrα-deficient embryos and the p53-MO has been shown to 
effectively knock-down this protein and interrupt p53-dependent molecular pathways 
(Langheinrich et al., 2002). Our finding that the transcriptional upregulation in the p53, p21 and 
mdm2 was observed in Cntfrα-deficient embryos supports that p53-pathway is activated in the 




















     238 atggccaacattgtgacgtccttctgctgtgtggtgcttgcagcc 
        M  A  N  I  V  T  S  F  C  C  V  V  L  A  A    
    283 gtggtggtggtttatgcccaaaggcgcagccagcaaggtggcagg 
        V  V  V  V  Y  A  Q  R  R  S  Q  Q  G  G  R  
    328 attcagtatgaaaagatatcaagtgatgtcactatgcagtgtggc 
        I  Q  Y  E  K  I  S  S  D  V  T  M  Q  C  G  
    373 tcactagacaatgatgcttccgtaacgtggaaagtaaacggaaca 
        S  L  D  N  D  A  S  V  T  W  K  V  N  G  T  
    418 gacgtgaaggcccgccggcgagaagaaggaccacggctcatcctg 
        D  V  K  A  R  R  R  E  E  G  P  R  L  I  L  
    463 atggaggtcaacatgagtagcaatggcttgtacagctgcttccag 
        M  E  V  N  M  S  S  N  G  L  Y  S  C  F  Q  
    508 aacccagacggccagcgacgtgaccagatcaatctccgcgttggc 
        N  P  D  G  Q  R  R  D  Q  I  N  L  R  V  G  
    553 tttcctcccaaggaaccgcaggtgacgtgtcgatcaaacacctat 
        F  P  P  K  E  P  Q  V  T  C  R  S  N  T  Y  
    598 cccagaggcttctactgcagctggcaccttcagcatccaacgttc 
        P  R  G  F  Y  C  S  W  H  L  Q  H  P  T  F  
    643 atcccaacggacttcgaagtcgatgtccaacataaccagaggcct 
        I  P  T  D  F  E  V  D  V  Q  H  N  Q  R  P  
    688 ttggaggtcaccagggatacagttcataagaacaggtgtcacgtc 
        L  E  V  T  R  D  T  V  H  K  N  R  C  H  V  
    733 aagtttccggaacttttctccagctctccttactatgttaatgtt 
        K  F  P  E  L  F  S  S  S  P  Y  Y  V  N  V  
    778 acggcagtgaactcgctgggtcgagcttcaaccaccatcagcttt 
        T  A  V  N  S  L  G  R  A  S  T  T  I  S  F  
    823 gaggagtcttcgatagtgaaacctgatcctcctgagaaggtggtg 
        E  E  S  S  I  V  K  P  D  P  P  E  K  V  V  
    868 gccaaacctgtagccaacaatgcaagaagactggaggtgacctgg 
        A  K  P  V  A  N  N  A  R  R  L  E  V  T  W  
    913 aacagtcccagtacatggcccgacgtggaaaccttcccgctaaag 
        N  S  P  S  T  W  P  D  V  E  T  F  P  L  K  
    958 tacttccttcgctaccgaccactcatccgagaccagtggcaacat 
        Y  F  L  R  Y  R  P  L  I  R  D  Q  W  Q  H  
   1003 gtggaactctccgacagcacctcccacaccatcaccgacgcctat 
        V  E  L  S  D  S  T  S  H  T  I  T  D  A  Y  
   1048 gcagggaaagagtacatcatccagctggcggccaaggacatggag 
        A  G  K  E  Y  I  I  Q  L  A  A  K  D  M  E  
   1093 atcggcacatggagcgactggagcgttgcagtccacgccaccccc 
        I  G  T  W  S  D  W  S  V  A  V  H  A  T  P  
   1138 tggatggaggagcccaaacccatcacctccactactgagagcgac 
        W  M  E  E  P  K  P  I  T  S  T  T  E  S  D  
   1183 gtcatcccagaaactaccccaggtccgccttcagctgcaccacga 
        V  I  P  E  T  T  P  G  P  P  S  A  A  P  R  
   1228 gtgggtgaacccacagcggcctgctccaccctcctctggtcaacc 
        V  G  E  P  T  A  A  C  S  T  L  L  W  S  T  
   1273 cacctgctcttggcctgcgtcctgctgtccatcatgtga 1311    
        H  L  L  L  A  C  V  L  L  S  I  M  * 
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        TGTGTGAGCTTCATTCCTGTGGAAAAAAAAAAAAAA 
 
Figure 6.1 Complete nucleotide and predicted amino acid sequences of cntfrα. The 
inframe stop codon at the 5’-UTR, translation start site and stop site are showed in purple, 


















Figure 6.2 Cluster alignment of predicted amino acid sequences of Cntfrα in zebrafish (Danio rerio), chick 
(Gallus gallus), mouse (Mus musculus) and human (Homo sapiens). The amino sequences are 57%, 50% and 50% 
identical to zebrafish Cntfrα homologue, respectively. Amino acids that are conserved in all species are indicated in 
asterisks. Conservative changes are indicated in colons and semi-conservative substitution are indicated in dots. Cntfrα 
from mouse (Accession no. AAC25711), from chick (Accession no. NP_990359) and from human (Accession no. 
NP_671693.1). Small amino acids (A, V, F, P, M, I, L, W) are shown in red colour. Acidic amino acids (D, E) are 
shown in blue colour. Basic amino acids (R, H, K) are shown in magenta colour. Amine amino acids (S, T, Y, H, C, N, 









Figure 6.3 cntfrα transcript distributions by in situ hybridization. (A) Reverse transcription-polymerase chain 
reaction analyis of cntfrα from 2 hpf to 10 hpf stage. cyclinB1 is amplified as a control. (B) 8s stage embryos. cntfrα 
transcripts are uniformly distributed in the hindbrain. (C-E) 14 s stage embryos. cntfrα transcripts are not evenly 
distributed at that stage and high expression level can be detected in the rhombomere boundary cells. Transcripts can 
also be detected in the pronephrous ducts (arrow in D), forebrain and adaxial cells (E). (F-H) cntfrα is expressed 
strongly in the rhombomere boundaries from 22 hpf to 27 hpf; by contrast, non-boundary cells express much low level 





























Figure 6.4 Splicing alteration of cntfrα donor-site-targeted morpholino oligonucleotides. (A) Genomic structures 
of cntfrα. Translation initiation and termination codons are indicated. 25-mer MO complementary to the exon2 splice 
donor sites is designed. (B) Reverse transcriptase polymerase chain reaction (RT-PCR) analysis of cntfrα mRNA 
structure in wild type and morpholino injected embryos. PCR primer combinations are indicated in (A). In addition to 
the wild type (arrow), a smaller molecular weight band is detected in morphants injected with 0.5 pmol cntfrα 







Figure 6.5 Expansion of rhombomere boundary marker in the cntfrα morphants. (A, A’) Expanded rfng boundary 
expression is detected in cntfrα MO embryos at 24 hpf. (B, B’) cyclinD1 is expressed at high levels in hindbrain 
boundaries at 24 hpf in uninjected embryos but is not in cntfrα MO-injected embryos. (C, C’) cdkn1C is excluded in 
boundaries and transcripts are high in the non-boundary region in WT embryos, whereas the expression is down-
regulated in hindbrain region except the r4 part in the cntfrα morphants at 24 hpf. (D, D’) PH3-antibody staining shows 
reduction of cell proliferation in the hindbrain of cntfrα morphants. In wild type embryos (D), majority of the mitotic 
nuclei are located in the ventricular surface, whereas in cntfrα  morphants (D’), the number of mitotic nuclei is reduced 







Figure 6.6 Regulation of neurogenesis and gliogenesis in the hindbrain by Cntf signaling. (A, A’) A great decrease 
in deltaA expression occurs following knockdown of cntfrα. Notably, neurogenesis is less affected in r4. (B, B’) 
vimentin expression is disorganized in cntfrα  morphants comparing to that in wild type embryos. (C, C’) gfap 
expression occurs in stripes adjacent to boundaries in uninjected embryos (arrows in C), and ectopically expressed 
everywhere in cntfrα -MO injected embryos. (D, D’) huC expression occurs continuously in the hindbrain in cntfrα -
MO embryos while in wild type embryos the expression is restricted to the cells adjacent to the rhombomere boundary, 
suggesting that the late neurogenesis is promoted. Expression of islet-1 revealed by in situ hybridization shows that 
primarily motor neurons fail to migrate to their correct position in the hindbrain (E’, E’’, compare with wild type 
sibling). Some of the neurons even migrate to the dorsal part of the brain (arrows in the E’’). E’ and E’’ are taken from 






Figure 6.7 Altered gene expression in Cntfrα-deficient embryos. (A) Genes involved in the p53 pathway were 
analyzed by RT-PCR in wild type and cntfrα-MO injected embryos. Upregulation of p53, mdm2 and p21 mRNA is 
obvious in Cntfrα-deficient embryos, when compared to wild type embryos. By contrast, the transcription of bax is less 
affected in the Cntfrα-deficient embryos. (B, C) In situ hybridization of p53 at 24hpf in wild type (B) and cntfrα-MO 
injected embryos. Expression levels are greatly increased in Cntfrα-deficient embryos. (D, E) In situ hybridization of 
mdm2 at 24 hpf in wild type (D) and cntfrα morphants. Higher expression level is detected in cntfrα morphants 






Figure 6.8 Rescue of Cntfrα-deficient embryos in a p53-deficient background. (A-C) Cell death analysis with 
TUNEL staining. Increased cell death is observed in the hindbrain in Cntfrα-deficient embryos (B). Similar to wild 
type embryos (A), TUNEL-positive cells is low in p53-MO injected, Cntfrα-deficient embryos (C). (D, E) 
Morphological rescue of Cntfrα-deficient embryos in a p53-deficient background. Note that the hindbrain development 
of double morphants is similar to wild type embryos, while in Cntfrα-deficient embryos necrosis is observed (D). (F, 
G) In situ hybridization of rfng in Cntfrα-deficient and p53-MO injected Cntfrα-deficient embryos. Note that in 
Cntfrα-deficient embryos the expression of rfng is diffused (F), while in double morphants the transcription of rfng is 
refined to the boundary (G). (H, I) In situ hybridizaiton of deltaA expression in Cntfrα-deficient and p53-MO injected 
Cntfrα-deficient embryos. Note that in cntfrα morphants, the expression of deltaA is down-regulated in the hindbrain 
except in the r4 region (H), while in the double morphants the expression pattern and level are both recovered (I). (D, 





Figure 6.9 Cntf signaling interpalys with Notch signaling in regulating neurogenesis and rhombomere boundary 
formation. In situ hybridization analysis of rfng expression in 24 hpf embryos (A-D), and ngn1 expression in 2 dpf 
embryos (E-H). (I-L) Zrf-1 antibody staining in 2 dpf embryos. (A, E, I) Wild type siblings, (B, F, J) cntfrα-MO 
injected embryos, (C, G, K) mibtfi91mutant embryos, (D, H, L) mibtfi91 mutants injected with cntfrα –MO. Note that 
after injecting cntfrα-MO into the mibtfi91 mutants, the expression of  boundary marker rfng is increased, but the level is 
lower when compared with the cntfrα morphant. (F) ngn1 expression is decreased in the medial part of the cntfrα-MO 
injected embryos, while in the mibtfi91 mutants the expression level is greatly reduced and disorganized. (H) A no ngn1 
expression area can be seen (arrow) in mibtfi91 mutants injected with cntfrα-MO. In embryo injected with cntfrα-MO, 
Zrf-1 reactivity is high in r4 (arrow in J) and in mibtfi91 mutant the staining level is down-regulated (K). (L) Enhanced 
level of Zrf-1 staining in the medial part of the hindbrain is observed in mibtfi91 mutants injected with cntfrα-MO. (A-
























Although in Drosophila it has been well established that Notch signaling is involved in 
the D/V boundary formation, but only recently it has become clear that Notch pathway plays a 
similar role in the zebrafish rhombomere boundary formation/maintenance. Nevertheless, the 
detailed mechanism remains largely unexplored.  
In the zebrafish hindbrain, while the rhombomere boundaries can be morphologically 
identified at 15 s stage, the transcription of rfng is barely detectable and diffused at that time. 
Later, the expression of rfng is gradually refined and by 22 hpf stage only rhombomere boundary 
cells express rfng. Due to the difference, we postulated that Notch signaling is more possibly 
involved in the rhombomere boundary maintenance. Also, in the mibta52b mutant, using vital dye 
labeling technique, we have clearly shown that the initiation of the rhombomere boundaries is 
accomplished and it is due to the loss of Notch activation that leads to the boundary disruption. 
Thus, this further supports our idea that Notch activation is required for the maintenance of the 
rhombomere boundaries. However, we can not rule out the possibility that Notch might be 
involved in the rhombomere boundary initiation as well, as in the mibta52b mutants, low level of 
Notch activation could still be detected. As su(h)-MO injected embryos give similar phenotype, it 
is more likely that Notch signaling is involved in maintaining the rhombomere boundaries. 
Next we want to investigate what receptors are involved in the rhombomere boundary 
formation. In zebrafish, there are four Notch receptors: Notch 1a, Notch1b, Notch2 and Notch3. 
As the expression of notch2 can only be detected in the otic vesicle part in the hindbrain, it is very 
unlikely that Notch2 is the receptor involved in the rhombomere boundaries formation. The 
remaining three notch genes are all expressed in the hindbrain from TB stage onwards and are all 
possibly involved in the rhombomere boundary formation or maintenance. We cloned the full 
length of notch1b gene and found that it shared high homology with Notch1a protein. 
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Morpholinos targeted at notch1b and notch3 were designed and injected into notch1a th35b mutant 
embryos. Despite the high homology of Notch1a and Notch1b, we found that rhombomere 
boundary disruption was detected only in the notch1a embryo injected with notch3 morpholino. 
In contrast, when we injected the notch1b-MO alone, we detected the expansion of boundary 
markers. Moreover, we found that in notch1a mutant embryos injected with notch3-MO, the 
neurons are overpopulated whereas in notch1b morphants, the neurogenesis is inhibited. 
Therefore, we proposed that Notch1a and Notch3 together are required for the maintenance of 
neuronal progenitors and Notch1b is required for the neuronal differentiation. 
As deltaA dx2 displays similar rhombomere boundary disruption as mib, DeltaA is a ligand 
involved in the rhombomere boundary formation. In addition to deltaA, the other three delta 
genes (deltaB, deltaC, deltaD) and two jagged genes (jagged2 and jagged1a) are all expressed in 
the hindbrain. We tried to identify whether other ligands besides DeltaA were also involved in the 
rhombomere boundary formation. We used morpholinos targeted at different ligands and tested 
their effects on the rhombomere boundary. No satisfactory results were attained. These might be 
due to the efficiency of the morpholinos. Hence, more complicated combination of different 
targeted mopholinos should be used.  A simpler but less likely explanation to this is that only 
deltaA is involved in the rhombomere boundary formation. Thus, more detailed analysis needs to 
be done to find out what ligands are involved in these processes. 
It has been known that the canonical Notch signaling pathway is Su(H)-dependent while 
the non-canonical is Deltex-dependent. Given the evidence that su(h) morphants displays similar 
phenotype as mib mutants, we proposed that the Notch activation in rhombomere boundary 
formation was Su(H)-dependent. We further analyzed the dosage-effects on the su(h)-MO 
injected embryos. While embryos injected with 0.5 pmol su(h)-MO displayed similar cellular 
changes as that in  mibta52b mutants (a stronger allele of mib mutants), morphants injected with 
lower dosage phenocopied the mibtfi91 mutants (a weaker allele of mib mutants). Combining with 
the data that only mild neurogenic phenotype could be detected in the notch1a mutants, we 
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proposed that Notch activation level was important for the maintenance of rhombomere 
boundaries. While small perturbation of Notch activation could only affect the neurogenesis, a 
large scale loss of Notch activation could lead to rhombomere boundary defects. Using 
Tg(hsp70l:XdnSu(H)myc)vu21 transgenic line, we demonstrated that boundary cells lost sensitivity 
to the loss of Notch activation after 15 stage. Thus, although Notch activation is required for the 
boundary maintenance, it is not needed after the maturation of rhombomere boundaries (17 hpf).   
One question that remains to be answered is that how the Notch signaling affected the 
rhombomere boundary formation. We observed that in the mibta52b mutants, the expression level 
of n-cad was downregulated. Moreover, two dachsous1 homologues have been identified and are 
expressed in different parts of the hindbrain. Furthermore, they are affected differentially in 
mibta52b mutants. Dachsous is a member of protocadherin family and has been implied in playing 
an important role in the cell-cell interaction. Therefore, Notch activation at least affected the 
interaction between the boundary cells and non-boundary cells. Next, we tried to find out what is 
the reason resulting in the rhombomere boundary disruption in mib mutants. In a comparison 
between the wild-type and mib mutant embryos at 24 hpf, it was shown that cell proliferation was 
greatly reduced for the latter.  There are two explanations for these. One is that decrease of cell 
proliferation is the consequence of the loss of boundary cells. An alternative explanation for that 
was that it is due to the loss of mitosis which in turn results in the loss of rhombomere 
boundaries. However, the latter one was less possible as when we applied the aphidicolin (a drug 
to inhibit the cell mitosis) to the wild-type embryos, no rhombomere boundary defects were 
observed. So the reduction in cell proliferation is not likely the reason leading to the boundary 
disruption in mib mutants. Instead, we inferred that in addition to the premature of neuron 
precursors in non-boundary region in mib mutants, boundary cells also lost their identity at later 
stage and differentiated into neurons precociously. To investigate this, we examined the marker 
expression changes in mibta52b embryos injected with hdac1-MO. hdac1 has been shown to be 
important for the transcriptional derepression of neurogenin genes. Therefore, if we reduced the 
 151
level of hdac1 level in the mib mutants, we should observe boundary recovery. Indeed, more 
boundary cells were observed in mib mutants injected with hdac1-MO, as judged by the 
expression of rfng. The summary of my observations is illustrated in figure 7.1. 
In zebrafish, glial curtain was formed at late prim stage and some Zrf-1-positive cells also 
expressed notch1a. So we wondered whether at later stage, Notch activation played a role in 
gliogenesis and therefore indirectly affected the rhombomere boundaries through the formation of 
glial curtain. After activation of Notch1aintra by heat-shock, the number of glia cells is greatly 
increased at 48 hpf. Thus, Notch1a activation is highly correlated with the gliogenesis at 
pharyngula stage. As Notch1a and Notch3 play a distinct role from Notch1b during the 
segmentation stage, therefore, it remains unanswered whether the similar correlation are found in 
the radial glia formation at the pharyngula stage. In addition, we still do not know what effectors 
are involved in these processes. 
 It has been proven that Wnt signaling can interplay with Notch signaling in the 
rhombomere boundary formation. The common components that are involved in both signaling 
pathways still remained to be further explored. As in mib mutants, both signaling pathways were 
affected, this raised the possibility that mib might be one of the components. In support of this 
idea, we found that Mib can interact with Wnt1, Wnt4 and Wnt10b by using GST-pull down 
assay. Furthermore, in vitro ubiquitination studies have shown that Mib can ubiquitinate these 
proteins as well. This raised the possibility that Mib played a role in the clearance of Wnt proteins 
and controlled the spread of this morphogen. As all the results are from the in vitro studies, more 
studies are necessary in order to find out whether similar interaction can be observed in the 
embryos. 
Studies have shown that in addition to Notch signaling pathway, some neurotrophic 
factor related pathway is also involved in the gliogenesis. In zebrafish, we found that cntfrα was 
expressed in the rhombomere boundary region at 24 hpf. Moreover, the transcription of Notch 
pathway genes were affected in the cntfrα morphants. The gliogenesis is affected and neuron 
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migration is impaired. Thus we proposed that these two pathways might interplay with each other 
involved in the gliogenesis and late neurogenesis in zebrafish as well. More interestingly, we 
observed that the cell death in cntfrα morphants increased to a great extent. A more detailed 
investigation disclosed that the expression level of p53 and mdm2 were also increased and both 
genes had been proven to be expressed in high level in the apoptotic cells. Surprisingly, 
knockdown p53 level in the cntfrα morphants can rescue morphological changes in the 
morphants, and also reduce the cell death. Moreover, we found that the expression of Notch 
pathway genes has become normal. In addition to gliogenesis, Cntfrα was also important for the 
cell survival as it might provide nutrients for the neuron migration and axongenesis. However, we 
















Figure 7.1 Summary of roles of Notch signaling in rhombomere boundary specification in zebrafish. First, high 
level of Notch activity (red colour) is necessary for the maintenance of boundary cell fates and cells with low level of 
Notch activity (pink colour) differentiate into neuronal cell fate. Second, Notch1a and Notch3 play redundant role in 
preventing cells from differentiation while Notch1b promotes the neuronal formation. Lastly, Notch1a, Notch3 and 
Notch1b regulate the expression of dachsous1a and dachsous1b differentially. While loss of high Notch1a and Notch3 
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